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Abstract

In this report, we present an ordered array comprising thousands of nanoapertures for the electrochemiluminescent (ECL) detection of NADH.

It was fabricated on the distal face of a coherent optical fiber bundle. Such a high-density array of nanoapertures combines optical, imaging and

electrochemical properties. Indeed, each nanoaperture is surrounded by a gold nanoring, which acts as an electrode material. The behavior of the

array was characterized by cyclic voltammetry and it shows excellent electrochemical performances. NADH is the analyte, which is measured in

presence of Ru(bpy)3
2+. The ruthenium complex mediates the NADH oxidation and this coenzyme acts as a co-reactant in the ECL mechanism.

ECL light is generated at the distal face of the array by each gold ring electrode. A fraction of this ECL light is collected by the corresponding

nanoaperture, transmitted through the optical fiber bundle and finally imaged on the proximal face with a CCD camera. In this work, we show that

NADH concentration is remotely detected by an oxidative-reductive ECL mechanism. We present also some preliminary results about the ECL

process of NADH with Ru(bpy)3
2+. The ECL behavior of NADH on gold surface is reported. The influence of the applied potential on the collected

light intensity was investigated. The variation of the ECL intensity measured through the nanoaperture array with NADH concentration is linear.

Remote ECL detection of NADH is spatially resolved over a large area with a micrometer resolution through the array. Therefore, such array

integrates several complementary functions: ECL light generation, collection, transmission and remote imaging in an array format.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The nicotinamide coenzyme (NAD+/NADH) controls the

enzymatic activity of more than 300 dehydrogenases. NADH

acts as a source of two electrons and a proton, which is

equivalent to a hydride ion. This class of enzymes catalyzes

the oxidation of a large variety of clinically important analytes,

such as alcohols, aldehydes and carbohydrates. Dehydro-

genases are widely used in bioanalytical chemistry, mainly in

enzymatic assays. Another potential field of commercial

applications is the enzymatic electrodes [1,2]. However, the

performances of the dehydrogenase-based biosensors are

limited by the electrochemical detection or the regeneration
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of the active form of the coenzyme. Indeed, oxidation of

NADH requires a high overpotential at most of the bare-

electrode surfaces. Moreover, the products of NADH oxidation

adsorb strongly and passivate the electrode surface. This

process is accelerated when NAD+ is present. Among the

different strategies to overcome these issues, a highly studied

way is the use of redox mediators. The large overpotential

associated to NADH oxidation is then highly reduced. By

monitoring the electrocatalytic current corresponding to the

regeneration of the coenzyme via the redox mediator, the

enzymatic activity is directly measured and thus the concen-

tration of the enzymatic substrate. However, the selectivity

remains an issue since others easily oxidized interferents can

also be detected. An attractive alternative is the re-oxidation of

this coenzyme by an ECL species, such as ruthenium(II)

tris(2,2V-bipyridine) [3–5]. This Ru(bpy)3
2+ mediates the

NADH oxidation and an excited state can be generated by

this process. NADH acts therefore as a co-reactant in the ECL
(2006) 25 – 33
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mechanism. The reduced form, NADH, initiates ECL reaction

in presence of the ruthenium complex whereas the oxidized

form of the coenzyme, NAD+, does not. Indeed, it has been

reported that aromatic amines, such as the pyridine ring of

NAD+, do not generate chemiluminescence with Ru(bpy)3
3+

[6]. In NADH, the aromaticity of the pyridine ring is destroyed

and the aliphatic tertiary amine group undergoes ECL

emission [6]. Thus, ECL light could then be electrocatalyti-

cally generated in presence of the enzyme and of the substrate

[6–9]. The substrate concentration is monitored just by

measuring the ECL intensity, which is directly related to the

variations of the NADH concentration. It means that the

analytical signal is then not the faradaic current but the

resulting ECL intensity. Hence, using this ECL scheme, many

species that are of great interest in bioanalysis can be detected

by coupling them to dehydrogenase enzymes that convert

NAD+ to NADH.

ECL is the electrogenerated emission of light from an

electronically excited state which is produced by energetic

electron transfer reaction. The ECL process is initiated by an

electron transfer occurring directly at the electrode surface

[10,11]. The earliest ECL reactions were carried out in aprotic

solvents and occurred by the annihilation reaction. For

bioanalytical applications, ECL emission in aqueous solution

is based on a mechanism involving a co-reactive species. The

co-reactant can be treated therefore as an analyte. This

development has opened up a great variety of new applications

in analytical chemistry and medical diagnostics [12]. ECL has

been widely applied in this configuration to detect various

analytes, such as hydrogen peroxide, oxalate, chlorpromazine,

antibiotics and proteins with secondary amine groups [13–15].

The co-reactant produces a highly oxidizing or highly reducing

species in a reaction following a homogeneous or heteroge-

neous electron transfer reaction. This approach is very useful

since ECL emission occurs in water after applying a simple

potential step. The excited state of the ECL emitter is formed

either by an oxidative-reduction mechanism or reductive-

oxidation mechanism. A commonly used system for co-

reactant ECL involves the ruthenium complex, Ru(bpy)3
2+.

ECL mechanism of Ru(bpy)3
2+ with a co-reactant depends on a

great variety of parameters: nature of the co-reactant, electrode

material, solvent, pH, presence of surfactant in the solution,

respective concentrations of the co-reactant and of the

ruthenium complex, hydrophobicity of the electrode surface,

etc. [11]. By example, at high concentrations of Ru(bpy)3
2+

(>0.1 mM), the ‘‘catalytic route’’ (also called ECV route) is the
dominant process for ECL [16–18]. Along this path, the

catalytic oxidation of TPrA occurs by a reaction with

electrogenerated Ru(bpy)3
3+. Modified forms of the ruthenium

complex are used to label biological molecules. These species

keeps the ECL capabilities and undergoes an oxidative-

reduction path in the presence of tri-n-propylamine. This

technique is widely applied in immunoassays and nucleic acid

assays [11].

ECL merges intimately electrochemical and optical aspects.

The initiation of the phenomenon is an electrochemical step,

whereas the analytical information is usually contained in the
light signal. Combining both facets yields also important

insights in the ECL mechanism. Accordingly, a variety of opto-

electrochemical devices based on optical fibers has thus been

developed. Ring microelectrodes were fabricated initially by

coating a single optical fiber with gold or other electrically

conductive materials [13,14,19–25]. Single optical fibers

embedded into a ‘‘cage’’ or modified with a mini-grid have

also been reported [15,26]. A new ‘‘electroptode’’ immuno-

sensor have been developed to detect cholera antitoxin

antibodies [27,28]. An ECL-based imaging fiber electrode

chemical sensor has been applied for the detection of NADH

[8]. An imaging fiber was coated with a gold layer and

modified by a Nafion film. However, the transmission of the

ECL light was relatively low through the gold layer. Random

and ordered array of transparent electrodes have been applied

for ECL measurements [29–32]. Using ECL imaging of the

modified bundle’s distal face, the ECL behavior of an electrode

array and the diffusional decoupling between individual

electrodes of the array has been studied [33]. Recently, we

described the electrochemical properties and the far-field

characterization of an array of nanoapertures with adjustable

dimensions [34–36].

In this report, we present an array comprising thousands of

nanoapertures for the ECL imaging of NADH concentration.

Such a high-density array was fabricated on the distal face of a

coherent optical fiber bundle. The fabrication steps of our

approach produced an ordered array of nanoapertures, which

retains the optical fiber bundle architecture. Therefore, the

array keeps the imaging properties of the bundle at the micro-

meter scale. We also report the voltammetric and ECL signals

of NADH with Ru(bpy)3
2+ on a gold electrode. Ru(bpy)3

2+ is

used to mediate the NADH oxidation. Each nanoaperture is

surrounded by a gold nanoring, which serves as an electrode

material and also to confine light in each fiber core. The

comparison of the nanoaperture array and of the macroelec-

trode shows similar electrochemical properties and ECL

performances. Remote ECL imaging of NADH is achieved

through the microarray of nanoapertures. ECL light is

generated at the distal face of the array by each gold ring

electrode. A fraction of this ECL light is collected by the

corresponding nanoaperture, transmitted through the optical

fiber bundle and finally imaged on the proximal face. In other

words, ECL image is acquired through the nanoaperture array

itself with a micrometer resolution.

2. Experimental

2.1. Materials

Ammonium fluoride (NH4F, 99.99%), hydrofluoric acid

(HF, 48 wt.% in water, 99.99%), acetic acid, NADH,

phosphate-buffered saline (PBS, pH=7.5) and tris(2,2V-bipyr-
idine) ruthenium(II) chloride (Ru(bpy)3Cl2) were obtained

from Aldrich. The insulating varnish (Monoliss’ Satin Blanc

01) was obtained from ICI Dulux Valentine. The cathodic

electrophoretic paint (BASF FT83-0250) was a gift from

BASF. Contacts were made with High Purity Silver paint (SPI,
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West Chester, PA). The contact wires used were Kynar

Insulated 30 awg wrapping wires (RS). All aqueous solutions

were prepared with Milli-Q purified water (Millipore).

2.2. Apparatus and procedures

The potentiostat used was a PGSTAT 12 Autolab (Eco-

Chemie). The working macroelectrode was a commercial gold

electrode (Bioanalytical Systems, BAS). The quasi-reference

and counter electrodes were Ag–AgCl and platinum wire

respectively. The surface of the gold macroelectrode was

polished with 30–15–3–0.3 Am lapping films (Thorlabs Inc.)

and finally on a microcloth (Buehler) with a deagglomerated

0.05 Am alumina suspension (Buehler). SEM images were

obtained with a scanning electron microscope (JOEL).

The instrument used for remote ECL imaging was a

modified epifluorescence microscope (BX-30, Olympus).

ECL light transmitted through the optical fiber bundle was

collected by a 20� microscope objective, filtered by a band-

pass filter (605T25 nm) and detected by a two-dimensional

detector, such as a charge coupled device (CCD) camera.

Therefore, ECL intensities of all the nanoapertures forming the

array are captured simultaneously and individually at a given

time in a single image. The ECL images were acquired by a

charge coupled device (CCD) camera (Roper Scientific), which

is fitted with a back-illuminated chip (Marconi 47-10) that has

1024�1024 pixels. The camera head cools the chip thermo-
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Fig. 1. Schematic illustration of the nanoaperture array (A: side view, B: top view). (C

High magnification allows viewing in details a nanoaperture of the array.
electrically to �40 -C and has a mechanical shutter. A

computer controls the camera, collects and processes all the

16-bit coded images.

2.3. Fabrication of the nanoaperture array

Silica imaging fibers of 8 cm length with a total diameter of

350 Am comprising 6000 individually cladded 3–4 Am
diameter optical fibers were purchased from Sumitomo Electric

Industries (IGN-035/06). The active area and the numerical

aperture (NA) of the coherent optical fiber bundle were 270 Am
and 0.35, respectively. The distal face of the array was polished

before use with 30–15–3–0.3 Am lapping films (Thorlabs).

The polished side was then placed horizontal for 5 h into a

buffered etching solution containing 500 Al of 40% (wt/wt)

aqueous NH4F solution, 100 Al of a 48% HF solution and 100

Al deionized water. (Caution: HF etching solutions are

extremely corrosive!). The insulating jacket of the bundle

was then removed with chloromethane and sonicated in water

for 30 s to remove any residuals. The distal face of the resulting

nanotip array was sputter-coated with a gold layer and

connected to a copper wire with a high-purity conductive

silver paint. Thus the electrode surface corresponds only to the

gold-coated surface of the etched bundle. This gold-coated

nanotip array was insulated using an electrophoretic paint. The

distal face is immersed in a dilute aqueous paint solution with a

volume fraction 1:1 of 3 mM acetic acid/cathodic electropho-
oaperture
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) Scanning electron micrograph of the distal face of the nanoaperture array. (D)
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Fig. 2. (A) Topographic and (B) resistance images of the nanoaperture array

obtained by AFM with a conductive tip. (C) Resistance image at high

magnification of the gold nanoring surrounding the optical nanoaperture.
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retic paint. The potential is scanned from 0 to �2.5 V/Ag–

AgCl at 20 mV/s. The insulated array is cured at 180 -C for 1

h. While curing, the paint retracts from the tips exposing the

gold electrode surface. The etching of the exposed gold layer at

the tip apices is done with a classic KI/I2 aqueous solution for

30 s.

3. Results and discussion

3.1. Fabrication and characterization

The fabrication steps of the nanoaperture array have been

detailed elsewhere [29,34,35]. In brief, a coherent optical fiber

bundle formed the base of our nanoaperture array. The coherent

structure of the bundle used in this work transmits an image

through the imaging fiber with a micrometric resolution [37]. A

nanotip array is prepared by wet chemical etching of a coherent

optical fiber bundle comprising 6000 individually cladded 3–4

Am diameter optical fibers. Conical nanotips were created at

each optical fiber core by using the difference in etching rates

between the GeO2-doped core and the fluorine-doped clad

[38–40]. The surface of the nanotip array was then sputter-

coated with a gold film and the entire array surface was

insulated with an electrophoretic paint except for the tip apex.

In order to create the optical nanoapertures, the exposed gold

film is removed by reacting in a gold-etching solution. So we

produced an ordered array where each optical nanoaperture is

surrounded by a gold ring-shaped electrode (Fig. 1). Since the

electromagnetic field decays exponentially inside the metal, the

gold film serves to confine light to the tip apex as in aperture

SNOM. In addition, the gold nanoring is also used as the

electrode material to perform electrochemical reactions. Fig.

1C shows the scanning electron micrograph of the array

surface. The ordered structure of the nanoapertures and the

homogeneity of the array are clearly visible. At high

magnification (Fig. 1D), one can observe the central aperture

corresponding to the etched core, which is surrounded

successively by a gold film and eventually an insulating paint

layer.

To thoroughly characterize the array, we imaged the surface

of the distal face by atomic force microscopy with a conductive

probe [41,42]. This scanning probe technique which works in

contact mode provides simultaneously the topography of the

sample surface and the cartography of its local resistance with

nanometer scale resolution (Fig. 2). Fig. 2A displays the

topography of the samples. The resistance cartography (Fig.

2B) reveals that the resistance of the surface decreases at the

nanotip apex. Indeed, the only conductive surface of the array

is the gold nanorings surrounding the nanoapertures. No

pinholes were observed on the surface. Fig. 2C displays a

single nanoaperture at high magnification. The yellow zone

corresponds to area with high resistance, in other words; to the

paint insulating region. The dark triangle corresponds to a

region with high conductivity, which represents the gold ring

film. This figure shows directly the image of the gold nanoring.

However, since the size of our nanoapertures is similar to those

of the AFM probe, the convolution of the AFM tip with the
array surface distorts the collected images (Fig. 2). The

‘‘arrow’’ shape of our aperture observed on Fig. 2C is related

to the scanning direction and reflects the convolution by the

scanning AFM tip. Indeed, when we changed the scanning

direction, we modified the orientation of this ‘‘arrow’’.

However, one can observe that the structure of the gold ring

is regular.
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3.2. Electrochemical and ECL properties

The main goal of this work is to study the electrochemical

and the ECL properties of the array of nanoapertures

surrounded by the gold nanorings. We compare the behavior

of the array with those of a gold bare macroelectrode. We

present also some preliminary results about the ECL process of

NADH with Ru(bpy)3
2+. The ECL mechanisms of Ru(bpy)3

2+

with oxalate and tri-n-propylamine have been investigated by

various groups [16–18,43–48]. But, to our knowledge, similar

electrochemical studies of the ECL mechanism have not been

performed with NADH. Recently, mechanism of electron

transfer oxidation of NADH and of analogues has been

reported [49]. The chemiluminescence process of NADH

analogues with Ru(bpy)3
3+ has been also presented [49].

However, no electrochemical data were presented in this work.

Cyclic voltammetry was utilized to characterize the electro-

chemical properties. Fig. 3A displays the voltammogram of a
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Fig. 3. Influence of the potential on the ECL intensity (squares) and on the faradaic c

with (A) a gold macroelectrode or (B) through the nanoaperture array. Solutions were

in PBS buffer (pH=7.5). v =50 mV s�1.
bare gold macroelectrode immersed in a PBS solution contain-

ing the ruthenium complex (solid line). It shows a classical

transient response for this well-known reversible couple. The

array shows a similar response for the Ru(bpy)3
2+ solution. The

oxidation and reduction peaks occur at the same potentials for

both electrodes. It indicates that the gold nanoring array has

excellent electrochemical performance. On the gold macro-

electrode, NADH is irreversibly oxidizes at 0.8 V/Ag–AgCl.

The oxidation of NADH is chemically irreversible due to rapid

protonation kinetics occurring in the NAD+/NAD& redox

couple [8]. At E =0 V/Ag–AgCl, no electrode reaction occurs

and there was no detectable ECL light (Fig. 3A, squares).

When the potential of the macroelectrode moves to potentials

where NADH oxidation takes place, ECL is still not initiated.

In fact, ECL intensity increased rapidly and reached almost a

plateau value only at the potential matching the Ru(bpy)3
2+

oxidation wave. In addition, the ECL spectrum corresponds to

the emission of the Ru(bpy)3
2+ species (data not shown). It is
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the typical MLCT emission (kmax=610 nm) of the Ru(bpy)3
2+*

in water at room temperature [50].

Fig. 3B summarizes the electrochemical and ECL responses

of the array as a function of the applied potential. The NADH

oxidation wave is irreversible and located at 0.8 V/Ag–AgCl.

The wave intensity is higher than in Fig. 3A since the NADH

concentration has been increased twofold. This figure shows

the effect of the potential on the ECL intensity acquired

through the array itself (squares) and on the faradaic current

(dashed line). We want to emphasize that the ECL intensity is

detected through the nanoaperture array. No ECL light is

generated before the oxidation wave of Ru(bpy)3
2+. So the gold

macroelectrode and the gold nanoring array display similar

characteristics for the electrochemistry of NADH and of the

ruthenium complex. In the same way, the ECL behavior is

identical. This study demonstrates that the gold nanorings

behave as bare gold even if it was sputtered-coated on the

optical fiber bundle and then chemically etched to form the

nanoapertures.

On gold, the cyclic voltammogram of a PBS solution

containing both NADH and Ru(bpy)3
2+ shows well-separated

waves (Fig. 3). No ECL emission is observed at potentials

where only oxidation of NADH occurs. In fact, ECL is initiated

only at potentials sufficiently positive to cause Ru(bpy)3
2+

oxidation. The mechanism of this ECL reaction clearly

involves reaction of Ru(bpy)3
3+ and an intermediate species

formed on oxidation of NADH. A recent study indicates that an

homogeneous electron transfer from a neutral radical of a

NADH analogue and Ru(bpy)3
3+ occurs to produce the excited

state, Ru(bpy)3
2+* [49]. The ECL process can be described by

the following reaction scheme where an oxidative-reductive

sequence occurs:

NADHYNADH &þ þ e� ð1Þ

RuðbpyÞ2þ3 YRuðbpyÞ3
3þ þ e� ð2Þ

RuðbpyÞ3þ3 þ NADHYRuðbpyÞ2þ3 þ NADH &þ ð3Þ

NADH &þYNAD & þ Hþ ð4Þ

RuðbpyÞ3þ3 þ NAD &YRuðbpyÞ2þ�3 þ NADþ ð5Þ

RuðbpyÞ2þ�3 YRuðbpyÞ2þ3 þ h�ECL: ð6Þ

NADH and Ru(bpy)3
2+ are oxidized at the electrode surface

at their respective potentials. NADH can also be oxidized

homogeneously by Ru(bpy)3
3+. Then the radical cation

NADH&+ deprotonates to form a highly reducing species

(reaction 4). The reaction with Ru(bpy)3
3+ leads to the excited

state. This homogeneous electron transfer (reaction 5) is

exergonic enough to populate the excited state of the ruthenium

complex (2.12 eV) [51]. The initial electron transfer from

NADH to Ru(bpy)3
3+ is not exergonic enough to generate the

excited state [49]. Eventually, Ru(bpy)3
2+* returns to the ground

state by emitting a photon (kmax=610 nm). Further studies

focused on this issue are required to definitely establish the

ECL mechanism.
3.3. Remote ECL imaging of NADH

The device presented in this work integrates several

functions in an array format. Indeed, the nanoaperture array

serves to concomitantly initiate, transmit and detect the ECL

emission through the imaging fiber bundle itself. On Fig. 4, the

distal face of the bundle is immersed in a PBS solution

containing both Ru(bpy)3
2+ and NADH. When a suitable anodic

potential is applied to the array, each gold nanoring electrode

oxidizes Ru(bpy)3
2+ and thus initiates locally the ECL emission.

In other words, discrete ECL microspots are electrogenerated

by the gold nanorings forming the array (Fig. 4). ECL light

generated by the gold nanoring electrode and collected by the

corresponding nanoaperture propagates under guided condi-

tions in the fiber core by total internal reflection (Fig. 4). In

fact, the core diameter varies slightly to minimize cross-talk

between the cores and to improve spatial resolution when used

as imaging fibers [52]. ECL emission was filtered by a band-

pass filter (605T25 nm) to ensure that only ECL wavelength

was detected. Finally, a microscope fitted with a CCD camera

collects the ECL image of the proximal face of the entire

optical fiber bundle. It means that, with a single image, we can

remotely measure the ECL intensity generated by all the

nanorings, collected by all the nanoapertures and eventually

transmitted by all the cores. Therefore, the nanoapertures are

individually readable with a CCD camera. Fig. 5 displays the

false color image of a representative region of interest of the

nanoaperture array when ECL is generated. One can see the

cores, which transmit ECL light surrounded by the clad. This

image shows the proximal face of about 2500 individual
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optical fibers, which correspond to 2500 nanoapertures. In

brief, a single image acquired with the CCD camera allows to

measure simultaneously and individually the ECL intensities of

all the nanoapertures forming the array.

A fraction of the isotropically generated ECL by a nanoring

electrode is collected by the same nanoaperture whereas

neighboring nanoapertures could also collect it. This latter

fraction is function of the acceptance cone of the apertures, on

the size of the ECL-emitting layer, on the geometry of the

array, on the distance between adjacent tips and on a term

proportional to the square of the distance, which is related to

the isotropically expanding sphere of emitted ECL. The

contribution of the ECL is highly dependent on the distance

and decreases extremely fast with it. Thus, the ECL signal

originates essentially from the volume located very close to the

nanoaperture. This result can be also explained by taking into

account the effective cross section of a nanoaperture. We

consider the ECL intensity that is generated at a nanoaperture

and that falls onto an adjacent one. Since the radius of the

aperture is ¨200 nm (Fig. 1D), we assumed in a first

approximation that each nanoaperture initiates an ECL point

source at the tip apex. It is a reasonable approximation since

the electrocatalytic mechanism confines the ECL layer to the

electrode surface. From the SEM image (Fig. 1), the base

radius and the height of the nanoapertures were estimated.

Therefore, one can calculate the cross-section of a nanoaper-

ture. Since the distance between adjacent tips is ¨4 Am, the

fraction of ECL emitted at one nanoaperture and collected by

an adjacent one is less than 1%. This value is calculated just by

considering the effective cross section. Furthermore, if we take

into account also the acceptance cone of the nanoaperture, only

a small part of ECL light generated at neighboring nanoaper-

tures can be effectively collected and transmitted by the core.

Indeed, in previous works, we reported the angular profile of

the intensity transmitted by arrays of apertures with adjustable

subwavelength dimensions, in the far-field regime [34,36].

Therefore, the value of the former fraction can be considered as

negligible. In conclusion, a nanoaperture collects only the ECL
Fig. 5. ECL image of the proximal face of the array acquired after the

application of 1.2 V. Solution was 1 mM Ru(bpy)3
2+ and 10 mM NADH in PBS

buffer (pH=7.5). The image is represented using a false color coding according

to the color bar. Black represents low ECL light intensity.
light generated by its nanoring and the nanoapertures forming

the array are optically independent.

3.4. Quantitative ECL imaging of NADH

At lower NADH concentrations, ECL intensity detected by

the CCD camera is decreased (image not shown). A calibration

curve was constructed to test the quantitative validity of this

remote imaging approach. When the potential was held

constant at E =1.2 V/Ag–AgCl, the ECL signal was constant

for several minutes. We selected this potential to test the

analytical performance of our nanoaperture array. Furthermore,

the monitored ECL intensity was reproducible. ECL intensity

was measured when the array was exposed to different NADH

concentrations (Fig. 6). Plot of ECL intensity against the

concentration of NADH was linear in the concentration range

0.5 mM to 15 mM. The line that passes through the data points

in Fig. 6 is the linear regression fit. The correlation coefficient

was 0.996. It shows that the ECL intensity is proportional to

the NADH concentration. Furthermore, stable and reproducible

ECL intensity responses are obtained allowing more than 30

reproducible assays.

4. Conclusions

In this work, we demonstrated that the presented nanoa-

perture array can be applied to the ECL detection of NADH.

The fabrication steps produced an ordered array of nanoaper-

tures, which retains the optical fiber bundle architecture.

Therefore, the array keeps the imaging properties of the bundle

at the micrometer scale. Ru(bpy)3
2+ is used to mediate the

NADH oxidation. This redox process leads to the formation of

Ru(bpy)3
2+* and to the corresponding ECL emission. In fact, in

this approach, NAD+ is regenerated and an ECL signal is

concomitantly emitted. Preliminary results on the ECL

oxidative-reductive mechanism of NADH with Ru(bpy)3
2+ are

also reported on a gold electrode surface. Remote ECL imaging
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of NADH is achieved through the microarray of nanoapertures.

Indeed, ECL light is generated at the distal face of the array by

each gold ring electrode. A fraction of this ECL light is then

collected by the corresponding nanoaperture, transmitted

through the optical fiber bundle and finally imaged on the

proximal face. Direct imaging of NADH concentrations has

been performed quantitatively through the array itself. The

ECL array also showed good temporal stability and reproduc-

ibility. In future work, we plan to couple a dehydrogenase

enzyme that converts NAD+ to NADH with the sensor array in

order to develop an imaging ECL biosensor array. The ECL

light would then be enzymatically amplified and this step

should improve the sensitivity and the detection limit.
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