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l Electrochemiluminescence

Transparent Carbon Nanotube Network for Efficient
Electrochemiluminescence Devices

Giovanni Valenti,*® Martina Zangheri,” Sandra E. Sansaloni,”® Mara Mirasoli,”

Alain Penicaud,™ Aldo Roda,™ and Francesco Paolucci

[a, c]

/Abstract: A carbon nanotube-based electrode that com-
bines transparency and good conductivity was used for the
first time to develop an electrochemiluminescence (ECL)
device. It resulted in an excellent material for ECL applica-
tions thanks to the very favorable overpotential of amine ox-
idation that represents the rate-determining step for the
signal generation in both research systems and commercial

N

instrumentation. The use of carbon nanotubes resulted in
a ten times higher emission efficiency compared with com-
mercial transparent indium tin oxide (ITO) electrodes. More-
over, application of this material for proof-of-principle ECL
imaging was demonstrated, in which micro-beads were used
to mimic a real biological sample in order to prove the pos-
sibility of obtaining single cell visualization. D

Introduction

Electrochemically generated chemiluminescence (ECL), also
called electrochemiluminescence, is a luminescence induced
by an electrochemical stimulus." As an analytical technique, it
possesses several advantages over photoluminescence and
chemiluminescence, in particular for (bio)sensor applications.””
The electrochemically induced method of generating a lumines-
cence signal permits sensors with a low background signal and
high sensitivity, good temporal and spatial resolution, robust-
ness, versatility, and low cost.”

Key points for efficient generation of the signal are the elec-
trode behavior and surface material. In fact, a high potential,
which typically ranges between 0.8 and 1.2V, needs to be ap-
plied to generate emission and this may induce a modification
of the electrode-solution interface.” For example, when such
a potential is applied to a platinum electrode, one of the most
used electrode materials in ECL, a thin layer of platinum oxide
is generated at the electrode interface, dramatically affecting
the kinetics and the efficiency of the signal generation.”

Microfluidic chips are attracting significant attention in the
diagnostic and life science fields as they provide low sample
and reagents consumption, short assay times, high sensitivity,
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and the possibility for automation and integration of several
analytical steps into one device. Owing to its positive features,
ECL is very well suited for microfluidic chip applications and
particularly attractive is the possibility of integrated devices in
which the ECL photon emission is obtained in close proximity
to the photon detector to improve detectability and device
compactness.”” For this purpose, transparent electrode materi-
als are sought to enable integration of the photosensing ele-
ment into the same platform as that bearing the electrodes in
the ECL cell.”

Devices that combine optical transparency and good electri-
cal conductivity are in general very interesting for analytical
applications.”! Some of the typical transparent electrode mate-
rials used for biosensor applications are metal oxides, for ex-
ample, indium tin oxide (ITO). However, ITO usually exhibit
sluggish kinetics for the electrochemical reactions involved in
the ECL generation process.”” Most of the nanostructured plat-
forms developed until now have been based on quantum
dots," nanoparticles,™ graphene,"? or carbon nanotubes®
and were applied to detect large families of important ana-
lytes, such as tumor markers, for DNA analysis, or biological
warfare agents."” Carbon-based nanomaterials, and in particu-
lar carbon nanotubes (CNTs), play a pivotal role in this field
owing to their low electrical resistance, high active surface
area, chemical stability, and electrocatalytic proprieties in many
electrochemical reactions. Owing to the excellent combination
between high transmittance and high conductivity, CNTs have
already been extensively used as electrode materials for spec-
troelectrochemistry™ or photovoltaic devices.

Over the last decade there has been a steady increase in the
development of new analytical devices that synergically com-
bine nanomaterials with ECL to obtain very low limits of detec-
tion and high accuracy even for complex matrices, such as
urine or lysate.? There are few examples in literature of CNT
electrodes for ECL applications."™ Rusling demonstrated in



a pioneering work, the highly superior sensitivity of CNTs
forest electrodes for prostate cancer detection, electrodes that
showed a limit of detection down to 1pgmL™' in patient
serum.["”

Here, we present the application of optically transparent
electrodes based on carbon nanotubes to ECL, demonstrating
the electrocatalytic superiority of such materials compared
with ITO electrodes and, moreover, for the first time to the
best of our knowledge, the ideal suitability of nanotubes as
electrode material for developing new devices for ECL imaging
of cells and tissues.

Results and Discussion

Our platform consists of a CNT electrode film deposited direct-
ly on glass, on polyethylene terephthalate (PET) or any support
that resists NaOH (1 m). To enhance the conductivity and the
electrochemical properties, the electrodes were made with
a dissolution methodology that guarantees the preservation of
the electronic properties of pristine CNTs."® In brief, the CNTs
were dissolved by reducing them in an aprotic environment,
then the solution was filtered onto alumina and transferred di-
rectly onto the holder (for more details see Experimental Sec-
tion). The electrodes obtained with this procedure show versa-
tile electric and transmission properties that can be modified,
in theory at will, by changing the amount of CNT solution used
in the preparation."

In this case, we used optically transparent electrodes with
a typical conductivity of 1100 Qsq™' and a transmittance
higher than 90% (the material properties were fully character-
ized with different experimental techniques, namely AFM, SEM,
Raman spectroscopy, see Figure 1 and Figures S1-S3 in the
Supporting Information). The electrochemical responses of the
CNT electrodes were tested by using a redox mediator, that is,
ferrocyanide ([Fe(CN)¢]*"). A typical cyclic voltammogram (CV),
reported in Figure 2, shows the reversible oxidation of ferro-
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Figure 1. Scanning electron microscopy image of the CNT electrode. Inset:
photograph of the transferred CNT electrodes on polyethylene terephthalate
(PET) substrate.
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Figure 2. a) Cyclic voltammogram of the CNT-based electrode in 1 mM
[Fe(CN)e]*~/LiCIO, 0.1 M aqueous solution. Scan rate=1 (solid curve), 0.2
(dashed curve), 0.1 Vs~ (dotted curve). b) Impedance spectroscopy (ESI-Ny-
quist plot) for different TPrA concentrations: 1 (O), 10 ([J), 50 (V), 100 (<),
200 mM (@) in phosphate buffer 0.1 m (pH 6.8). Frequencies from 1 MHz to
10 mHz for the fitting details see the Supporting Information. Inset: R ' as
a function of TPrA concentration. Ry ' = ko F*(RT) " 'k,[H 17 '[TPrAl, where F
is the Faraday constant, R the gas constant, T the temperature, k, the disso-
ciation constant for TPrA. All the potentials are reported vs. Ag/AgCl (3 m).

cyanide in phosphate buffer solutions. The CNT electrode
shows good electrochemical behavior, with a peak-to-peak
separation of 60 mV even at a high scan rate (1 Vs™).

It is worth noting that the majority of commercially available
transparent electrode materials are based on metal oxides,
such as ITO or fluorine-doped tin oxide (FTO), which are not
stable at acidic pH. The electrode material that we propose is
more stable and can be used in acidic or basic conditions.

In addition to high electrical conductivity, two other key pa-
rameters should be considered for an efficient ECL platform: (i)
the kinetics of the co-reactant electrochemical reaction and (ii)
side reactions due to the electrode surface. The combination
of ruthenium polypyridine complexes and amine are, thanks to
their good electrochemical stability and photophysical propri-
eties, well-known and commercially used as ECL labels/co-reac-
tant couple.”” We tested the homogeneous electrochemically
generated luminescence by using this well-known system, spe-
cifically, [Ru(bpy);]*" (bpy=bipyridine) and tripropylamine
(TPrA) as sacrificial co-reactant.

In this case, also called the “oxidative-reduction” co-reactant
strategy, the ECL can be generated with different mechanisms.
Here, we focus our attention on the mechanism that involves
only the TPrA oxidation, which is the most important for com-
mercial application (see below).”" In brief, the direct oxidation
of the co-reactant is involved, which partly undergoes a depro-
tonation reaction, thus forming a highly stably reducing radical
species that reduces the ECL luminophore ([Ru(bpy);*") to
[Ru(bpy);]*. On the other hand, the oxidized co-reactant is
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Figure 3. a) Cyclic voltammogram and b) ECL versus potential for 10 mm
[Ru(bpy)3]“, 80 mm TPrA, in phosphate buffer 0.1 m. Solid curves corre-
spond to the CNT-based electrode, whereas dashed curves are for the ITO
electrode. Scan rate=0.1 Vs~', PMT =750 V. All potentials are reported vs.
Ag/AgCl (3 m). c) Schematic representation for the ECL of [Ru(bpy)3]“/TPrA.
[Rul** is [Ru(bpy);]** and [Rul" is [Ru(bpy)I**.

continuously produced at the electrode surface and thus can
react with [Ru(bpy);]® and generate the excited state
[Ru(bpy);]*"*, see Figure 3c." The oxidation of TPrA and the
stability of the electrogenerated radicals are the rate-determin-
ing steps for the signal generation."

A typical CV, Figure 3a, and ECL intensity, Figure 3b, using
the CNT electrode (solid curve) as the working electrode in
a phosphate buffer solution, with 10 mM [Ru(bpy);]**, and
80 mM TPrA is reported in Figure 3. The CV is dominated by
a single irreversible oxidation with a potential peak of 1V (vs.
Ag/AgCl) due to the oxidation of TPrA. Interestingly, for com-
mercial ITO under the same experimental conditions, no oxida-
tion of TPrA is observed in that potential region (Figure 3a,
dashed signal).

This different behavior in the CVs prompted us to investi-
gate the kinetics involved at the electrode/solution interface.
In particular, we used impedance spectroscopy to estimate the
resistance of the charge transfer (R) at a fixed potential
(@1 V> E°pampa:) for different TPrA concentrations, which ena-
bled the measurement of the kinetics involved in the TPrA oxi-
dation for the two different electrode materials (see the Sup-
porting Information for details). The oxidation process is 30
times higher for the CNT electrode (Kn=2.6x10"2cms")
compared with the commercial ITO (ky.,=8%10"*cms™"). As
a consequence of this dramatic difference in the kinetics be-
havior between the two materials, the ECL emission is more ef-
ficiently generated at the CNT electrode. In fact, ECL intensity
is ten times higher, at 1.2V (vs. Ag/AgCl), for the CNT-based
electrode compared with ITO; see Figure 3b. The effective gen-
eration of the [Ru(bpy);]*" excited state was also confirmed by
acquiring the ECL spectrum, which was superimposable with

the photoluminescence spectrum, with a maximum emission
at 610 nm, which is typical for [Ru(bpy);]*"* (Figure S5 in the
Supporting Information).””? Here, we normalized the current
and ECL signal in Figure 3 for the electroactive surface area. In
fact, CNTs are a well-known material with high roughness and
high exposed surface area. In general, an increase in the elec-
troactive area leads to an increase in the electrogenerated radi-
cal co-reactant and thus an increase in the ECL intensity. The
electroactive area for the CNT electrode is three times higher
than commercial ITO (see the Supporting Information).

In addition, for the electrochemical generation of the excited
state, both the radical cation (TPrA*") and radical (TPrA’)
should be present at the same time in the diffusion layer. The
generation of the radical at an adequate distance from the
electrode surface is an important aspect in order to avoid radi-
cal oxidation on the electrode, also called oxidative consump-
tion (as shown by the dashed line in Figure 3c). For this
reason, the kinetics involved in the chemical reaction that fol-
lows the TPrA oxidation is another key parameter for efficient
ECL generation. It was previously reported that oxygen-con-
taining surface species reduced the TPrA™" lifetime, and thus
the TPrA® would be subject to more oxidative consumption
subsequently, leading to weaker ECL signals.”’ The strategy
that we adopted for electrode preparation minimized the
oxygen content and defects in the CNTs, thus increasing the
conductivity of the electrode and also minimizing the oxidative
consumption of the co-reactant (see Raman spectrum in the
Supporting Information).

Although many mechanisms for ECL generation have been
reported in the literature, the most important for commercial
sensors applications, for example, sandwich immunoassays bio-
sensors, is based on the so-called heterogeneous ECL.** This
strategy consists of a capture site, specific for the analyte, and
a detection site with the ECL active dye in proximity to the
working electrode, and typically those are two antibodies in
a sandwich assembly. In this case, the mechanism for the
signal generation is prevalently due to the co-reactant oxida-
tion, similar to the homogeneous case previously described,
but with the luminophore constricted in the diffusion layer.””
In fact, the alternative pathway through the parallel oxidation
of TPrA and [Ru(bpy);]*" is very unlikely because of the large
distance of the latter to the electrode surface, as predicted by
Marcus theory.

Our research groups recently reported the first application
of heterogeneous ECL for imaging using a new device based
on ITO as an optically transparent electrode.”® This paper
opened the frontiers to other ECL applications related to the
advanced imaging with high spatial resolution, especially for
cell imaging.”” In this context, we designed an electrochemical
cell comprising three electrodes composed of the CNT film as-
sembled on a microscope slide. The electrodes were deposited
directly onto the microscope slide with a scotch tape mask
used for isolating the three electrodes. The device is schema-
tized in Figure 4a and b and was applied as a platform for ECL
microscopy. For this application we optimized the transmit-
tance of the electrode by choosing as starting materials
double-walled CNTs with particularly long length (10 um) that



based electrode. As proof of the
successful bioconjugation and of
the emission behavior of the

modified microbeads, we record-
ed the fluorescence image re-

ported in Figure 4d. This image

was also used for focusing the
objective on the beads. Finally,
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Figure 4. Schematic representation of the CNT-based ECL imaging cell. a) Side view and b) top view. Glass slide
75%25x1 mm. 20 x objective/30 ms. c) Optical image, d) photoluminescence image, e) ECL image of the
[Ru(bpy);]** labelled microspheres. The white dashed line is a guide for eye to show the electrode/support

border.

generate a CNT network with excellent optoelectrical per-
formance (100 Qsq ' sheet resistance at 90% transmittance in
the visible region). These properties open up the application
of this electrochemical cell for visualizing biological samples,
for example cells, by using inverted microscopy. To mimic
a single cell in ECL imaging experiments, we used carboxyl
polystyrene microbeads, with dimensions comparable to the
size of a cell sample (8 um), covalently coupled with a specific
capture site (aminoderivate of biotin) and ruthenium amino
derivate functionalized with streptavidin (see scheme below
and the Experimental Section).

After the functionalization, the beads were deposited on the
electrode slide in a phosphate buffer solution with 80 mm of
TPrA. The optical image obtained with transmittance light is
reported in Figure 4c and shows the edge of the working CNT-

ECL Intensity / a.u.

30
Distance / pm

40 50

Figure 5. Single-bead ECL intensity profile of a [Ru(bpy);]*" labelled micro-
sphere for the CNT (@) or ITO (¢) electrodes in phosphate buffer 0.1 m/

80 mm TPrA. Potential applied=1.2 V (vs. Ag/AgCl, 3m) for 7 s with 20X ob-
jective.

by switching off the light source
and applying a positive potential
(1.2V), we recorded the ECL
emission, see Figure 4e. The ECL
image shows good overlap with
the optical one, see Figure 4c
and e.

Notice that the emission
the ECL image comes only from
the beads on the working elec-
trode surfaces and not from
those on the unmodified glass
slide. This demonstrated that the
emitting light is triggered by the
device.

Finally, we compared the per-
formance for the heterogeneous
ECL to the two transparent electrode materials (CNTs vs. ITO).
The two ECL intensity profiles across a single bead, Figure 5,
show an impressive increase in the signal intensity for the
CNT-based platform. In line with the aforementioned increase
in the intensity for the homogeneous ECL, our transparent
platform, which shows catalytic behavior for co-reactant oxida-
tion, is far superior to the commercial ITO, especially for heter-
ogeneous ECL.

in

Conclusion

We have demonstrated that carbon-based, and in particular
carbon nanotube, electrodes are excellent materials for ECL ap-
plications thanks to the overpotential of the oxidation of
amine derivatives, which are the most commonly used co-reac-
tants for commercially available instruments. By using CNTs we
were able to combine transparency with good conductivity. Fi-
nally, we demonstrated as proof of principle that our CNT
device can be used for ECL imaging in which microbeads were
used to mimic a real biological sample for single-cell visualiza-
tion.

Experimental Section

All the reagents were used without any purification. Tris(2,2'-bipyri-
dine) ruthenium(ll) perchlorate, ([Ru(bpy);]*"), tripropylamine
(TPrA),  N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide  hydro-
chloride (EDC), 3-sulfo-N-hydroxysuccinimide (s-NHS), N,N'-dicyclo-
hexylcarbodiimide (DDC), ferrocyanide [Fe(CN),]*~ were purchased
from Sigma-Aldrich. Bis(2,2’-bipyridine)-[4-(4-methyl-2,2"-bipyridin-
4-yl)butanoic acid] ruthenium bis(hexafluorophosphate)
(Ru(bpy);*"-COOH), and biotin-cadaverine-TFAc were purchased



from Cyanagen (Bologna, ltaly). ITO was purchased from Kuramoto
Seisakusho Co. Ltd. (Tokyo, Japan). The polystyrene carboxylated
microbeads (diameter 8 um) were purchased from Spherotech (Lib-
ertyville, lllinois).

CNT electrode synthesis

The CNT-based electrodes were synthesized and deposited on the
support as previously described in the literature (see the Support-
ing Information and Figure 1).4 The CNTs were dissolved by re-
ducing them with naphthalene salt in dry THF upon intercalation
with metallic potassium in the glovebox. This solution was then fil-
tered onto alumina, which was placed in a hermetically sealed box
and transferred outside the glovebox to be placed under a con-
trolled flow of dry air for 2 h at least, in order to reoxidize (neutrali-
zation) the film. After that, the alumina membrane with the CNT
film was immersed in a sodium hydroxide (1.5 m) bath to dissolve
the alumina. The bath was then neutralized with deionized water
until pH~7 was reached. Finally, the electrode support, either a mi-
croscope slide or polyethylene terephthalate (PET) foil, was placed
at the bottom of the bath and the CNT films were deposited on it
by removal of the solvent. The electrodes were dried in the oven
overnight at 40-50°C. Either single-walled carbon nanotubes from
CoMoCAT (South West Nano Technologies SWeNT) or double-
walled carbon nanotubes from Rice University®® were used for the
electrode preparation. The obtained electrodes were characterized
by scanning electron microscopy (SEM), Raman spectroscopy and
atomic force microscopy (AFM) (see the Supporting Information for
details).

Electrochemical characterization

Cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and chronoamperometry investigations were carried out with
a Biologic SP300 potentiostat using a custom-made electrochemi-
cal cell described in a previous paper.?? The working electrode
consisted of CNT film or ITO with a constant geometrical area 2 cm
in diameter, whereas the counter electrode was a platinum spiral
and the reference electrode was homemade Ag/AgCl (3 m).

Electrochemiluminescence detection

The ECL measurements were carried out in a phosphate buffered
solution (PBS) using 80 mm TPrA as a sacrificial co-reactant. The
counter electrode was a platinum spiral and the reference elec-
trode was homemade Ag/AgCl (3 m). The ECL signal generated by
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performing the potential step program was measured with a pho-
tomultiplier tube (PMT, Hamamatsu R4220p) placed at a constant
distance under the cell and inside a dark box. A voltage in the
range 550-750 V was supplied to the PMT. The light/current/volt-
age curves were recorded by collecting the preamplified PMT
output signal (by an ultralow-noise Acton research model 181)
with the second input channel of the ADC module of the AUTO-
LAB instrument.

Imaging instrumentation

The CNT imaging platforms has been designed, as described in the
Supporting Information, directly onto conventional microscopy
slides (7.5%2.5 cm). For the ECL imaging the best performances
were obtained with a three-electrode configuration: an Ag quasi-
reference electrode (25 mm?), a CNT-based working electrode
(8 mm?), and a CNT-based counter electrode (25 mm?) with 50 uL
of PBS/TPrA solution. For microscopy imaging, an epifluorescence
microscope from Nikon (Chiyoda, Tokyo, Japan) equipped with ul-
trasensitive electron-multiplying CCD camera (EM-CCD 9100-13
from Hamamatsu, Hamamatsu Japan) was used with a resolution
of 512 pixelx512 pixel with a size of 16x16 pm. The microscope
was enclosed in a homemade dark box to avoid interference from
ambient light and was equipped with a motorized microscope
stage (Corvus, Marzhauser, Wetzlar, Germany) for sample position-
ing. The microscope was equipped with long distance objective
from Nikon (10x/0.30 DL17, 5 mm, 20x/0.40 DL13 mm, 50x). The
integrated system also included a potentiostat from AUTOLAB,
suitable for providing the needed potential for the ECL-triggered
reaction.

Preparation of [Ru(bpy);]*" labelled microspheres

Bis(2,2'-bipyridine)-[4-(4"-methyl-2,2'-bipyridin-4-yl)butanoic  acid]
ruthenium bis(hexafluorophosphate) (Ru(bpy);>"-COOH) was con-
jugated to streptavidin (Scheme 1) according to the following pro-
tocol: A volume of 70 pL of Ru(bpy);*"~COOH (7.1x 10> m in DMF)
was added to 1.5 equivalents of N,N'-dicyclohexylcarbodiimide
(DDC) and the reaction solution was gently mixed for 4 h at room
temperature (25°C). A streptavidin solution (630 pL of 2.0x107°m)
in 0.1 ™ borate buffer (pH 9.4) was then added to conjugate strep-
tavidin to the activated Ru(bpy),>"~COOH. The solution was incu-
bated overnight and the labelled protein was subsequently puri-
fied with dialysis against 5L of PBS. Beads were then conjugated
to the amino derivative of biotin (Scheme 1). The suspension of
beads (200 uL) was washed three times in 0.1 molL™' borate buffer

&

Streptavidin
—_—

SO3Na

Scheme 1. Ru@ubeads functionalization for heterogeneous ECL. Schematic representation for 1) Ru(bpy),>"~COOH conjugation with streptavidin and 2) for

the synthesis of labelled carboxyl polystyrene microbeads (Ru@pubeads).



(pH 9.6) and two times in 0.1 molL ™" in 2-(N-morpholino)ethanesul-
fonic acid buffer (MES pH 5.5). Upon resuspending the beads in
250 pL of MES buffer, N-(3-dimethylaminopropyl)-N'-ethyl-carbodii-
mide hydrochloride (EDC) and s-NHS were added to a final concen-
tration of 50 mm and 2 mwm, respectively. The reaction mixture was
mixed for 1 h at RT. After a washing cycle (as described above),
500 uL of 9 mm biotin cadaverine in 0.1 molL™" borate buffer
(pH 8.6) was added. The mixture was incubated overnight at 4°C,
and the solution was finally washed three times in PBS. Beads con-
jugated to biotin were then coupled with the streptavidin-
Ru(bpy)s®* using the following procedure. A suspension of 50 uL
of beads was centrifuged and after buffer removal, 50 L of la-
belled streptavidin was added. The mixture was gently mixed for
2 h at RT and then three washing steps were performed by centri-
fugation and resuspension with PBS.
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