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A solid-state electrochemiluminescence (ECL) sensing platform based on the novel luminescent
composite nanofibers for detection of catechol has been developed. The carboxylated multi-walled
carbon nanotubes (MWNTs) and ruthenium(ll) tris-(bipyridine) (Ru(bpy)3*) doped nylon 6 (PAG)
luminescent composite nanofibers (Ru-MWNTs-PA6) were successfully fabricated by a one-step
electrospinning technique. The Ru-MWNTs-PA6 nanofibers, with unique 3D nanostructure, large
specific surface area and a larger amount of immobilized-Ru(bpy)3*, maintained the photoelectric
properties of the Ru(bpy)3* ions and exhibited excellent ECL behaviors on glassy carbon (GC) electrode.
As a solid-state ECL sensing platform, the Ru-MWNTs-PA6 nanofibers can sensitively detect low
concentration catechol by monitoring the phenol-dependent ECL intensity change. The detection limit
for catechol is 1.0 nM, which is comparable or better than that in the reported assays. The solid-state
ECL sensor displayed wide linear range, high sensitivity and good stability. It holds promise for the

electrospun nanofibers-based ECL sensors have a great potential for routine analyses.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ruthenium(ll) tris-(bipyridine) (Ru(bpy)3*) is the most used
electrochemiluminescence (ECL) substrate [1-3]. Solid-state
Ru(bpy)3*-ECL system can provide several advantages, such as
supersensitive, cost-effective, the signal amplification, simplifying
experimental design and creating a regenerable sensor based on
Ru(bpy)3* recycled at the electrode surface during the ECL
reaction [4-6]. It has become an important and valuable detection
method in sensors. Until now, much effort has been made to
immobilize Ru(bpy)3™ on electrode surfaces by different techni-
ques [5-7], such as Langmuir-Blodgett [8,9], selfassembled
monolayers [10,11], layer-by-layer assembly [12], cation
exchange polymers [13,14] and Ru(bpy)3*-doped nanomaterials
[15,16]. However, these approaches are time-consuming or
involve complicated fabrication processes. It is widely accepted
that the following aspects, the surface area of the sensing plat-
form and the amount of immobilized Ru(bpy)3™* on the electrode
surface, will contribute to an increase of the solid-state ECL
sensor’s sensitivity [17]. So it is still desired to develop a new,
facile, highly efficient and inexpensive approach for fabricating
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solid-state Ru(bpy)3+-ECL sensor interfaces which have large
surface area and high amount of immobilized Ru(bpy)3™.

Electrospinning has been proved to be a simple, versatile and
cost-effective approach to fabricate polymeric nanofibers [18,19].
Compared with conventional planar materials, the ultrafine nanofi-
bers have several advantages of uniformity, porosity, mechanical
strength, high surface area to volume ratio and multiple active sites
for various further interaction or modifications [20,21]. Many
studies have utilized electrospun nanofibers for biomedical and
industrial applications, such as the supporting scaffolds for enzyme
immobilization [22], the membranes for filtration [23], the tissue
templates [24], the artificial organ implant and the drug delivery
[25]. It is believed that electrospun nanofibers can be used as an
ideal platform for highly sensitive sensing applications with all of
the aforementioned advantages [26]. Several reports have investi-
gated the development of nanofiber-based ECL sensing platforms for
molecular detection, such as phenol [27], hydroquinone [28] and
atropine [29]. But ECL sensing platform based on electrospun
luminescent composite nanofibers has never been applied to detect
the catechol.

Catechol, a kind of phenolic compounds, is widely used for
synthesis in food, pharmaceuticals or agrochemical ingredients, but
also as stabilizing additives [30-32]. Catechol and its derivatives are
also found in biological systems, and play a significant role in many
biochemical processes. For example, catecholamines are important
neurotransmitters in the central nervous system. Abnormal levels of
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catecholamines in the brain are linked to diseases such as Parkinson’s,
and changes in plasma concentrations of different catechol act as
indicators for several diseases [33]. Therefore, sensitive and rapid
detection of catechol is of great value.

Herein we provided another successful example to demon-
strate that the electrospinning technique could be used to
develop highly efficient solid-state ECL sensor. The carboxylated
multi-walled carbon nanotubes (MWNTSs) and Ruthenium(II) tris-
(bipyridine) (Ru(bpy)3*) doped nylon 6 (PA6) luminescent com-
posite nanofibers (Ru-MWNTs-PAG) were successfully fabricated
by a one-step electrospinning technique as shown in Fig. 1. The
Ru-MWNTs-PA6 nanofibers exhibit some advantages over the
common Ru(bpy)?* ECL system in terms of ease of fabrication,
strong ECL intensity and sensitive response to catechol. The solid-
state ECL sensing strategy based on the novel Ru-MWNTSs-PAG6 for
detection of catechol has been designed. The characteristics of the
sensing system for the detection of catechol and the analytical
performance were evaluated.

2. Experiment section
2.1. Reagents and apparatus

Ru(bpy);Cl, - 6 H,0 (99.95%), catechol and tri-n-propylamine
(TPrA, 98%) were purchased from Sigma (USA). Nylon 6 (PA6)
material was purchased from Debiochem (China). Carboxylated
multi-walled carbon nanotubes (MWNTs) were obtained from
Shenzhen Nanotech Port Co. Ltd. (China). The diameter was 40—
60 nm and the length 1-10 pum. Other reagents were of analytical
reagent grade. All the solutions were prepared with ultrapure
water from a Millipore Milli-Q system.

The field-emission scanning electron microscope (FESEM)
images were recorded using S-4800 FE-SEM (JEOL., Japan). The
fluorescence photographs were recorded using IX71-F22FL/PH
inverted fluorescence microscope (Olympus, Japan). ECL was
measured with MPI-E electrochemiluminescence analyzer
(Remax Electronic Science Tech. Co. Ltd., China), cyclic voltammo-
gram (CV) was recorded with a CHI 660D electrochemical analy-
zer (CHI instruments Inc., Chenhua Corp., China).

2.2. Electrospinning

The electrospinning apparatus was similar to those described
before [17]. A series of electrospinning solutions were prepared
by dissolving PA6 and MWNTs in mixture of cresol and formic
acid (6:4, V/V) at desired weight ratios. If added, the concentra-
tion of Ru(bpy)3* was 0.2 wt%. In order to obtain a homogeneous
solution, the mixed solution was under vigorous stirring for 6 h at
room temperature. Electrospinning was carried out with a 20 mL
syringe (1.2 mm diameter spinneret) at electrical potential of
15 kV over a 15 cm gap between the spinneret and the aluminium
sheet with a rate of 1.0 mLh~'. The ambient temperature and
relative humidity for electrospinning were kept at 25 °C and 40%,
respectively. It took 3 min to deposit the nanofibers on the surface
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Fig. 1. Schematic representation of the one-step process for fabricating the Ru-
MWNTs-PA6 luminescent composite nanofibers.

of the aluminium sheet acceptor. After the electrospun fibrous
membrane was formed, it was gently striped from the aluminium
sheet acceptor, placed over a beaker, and dried in an oven at
140 °C for 20 min.

2.3. Preparation of the working electrode

The surface of glassy carbon (GC) electrode was carefully
polished with 0.3 pm Al,03; powders successively, rinsed with
water and ethanol in an ultrasonic bath briefly and then allowed
to dry at room temperature. Two different Ru(bpy)3*-modified
electrodes were prepared as following: (1) The Ru-MWNTs-PA6
film electrode. A clean GC electrode surface was coated with
2.0 uL electrospinning solution (containing Ru(bpy)3* (0.2 wt%),
PA6 (31 wt%) and MWNTs (0.8 wt%)), and then dried at room
temperature; The as-prepared electrode was denoted as the Ru-
MWNTs-PA6 film electrode. (2) The Ru-MWNTSs-PA6 nanofibers
electrode. It took 3 min to deposit the nanofibers on the surface of
a clean GC electrode by electrospinning the same solution to (1).
The as-prepared electrode was denoted as the Ru-MWNTs-PA6
nanofibers electrode.

2.4. Measurement

The ECL determinations were performed at room temperature
in a 10 mL homemade quartz cell. A three-electrode system was
used with the modified GC electrode (3 mm in diameter) as the
working electrode, an Ag/AgCl (sat.) as the reference electrode
and a platinum wire as the counter electrode. Cyclic voltammetry
mode with continuous potential scanning from 0.0 to 1.2 V and
scanning rate of 100 mV s™! was applied to achieve ECL signal in
20 mM phosphate buffer solution (PBS) containing 1.0 mM TPrA
(pH 8.0). A high voltage of —800V was supplied to the photo-
multiplier for luminescence intensity determination. The ECL and
CV curves were recorded simultaneously.

3. Results and discussion

3.1. FESEM image of the Ru-MWNTs-PA6 luminescent composite
nanofibers

The micro-morphologies of the Ru-MWNTs-PA6 luminescent
composite nanofibers were analyzed using FESEM as shown in
Fig. 2. The Ru-MWNTs-PA6 composite nanofibers with smooth
surface, evenly distributed on the substrate with their random
orientations, form a porous 3D structure nanofibrous membrane
(Fig. 2A). The diameters of the Ru-MWNTs-PA6 nanofibers range
from 50 to 500 nm (Fig. 2B). More uniform diameter fibers may be
achieved by changing the conditions of the electrospinning
process. The electrospinning related parameters including PA6
concentration, applied voltage, collector distance, feed rate etc.,
and their individual and interactive effects on the diameter of the
Ru-MWNTSs-PA6 luminescent composite nanofibers were experi-
mentally investigated. The fiber diameter was detected to be
more responsive to PA6 concentration than to voltage and
distance in the experiment range. The ratio of voltage to distance
and the ratio of PA6 concentration to distance were found to be
important in predicting the trend of fiber diameter. Applied
voltage was come to be an insignificant factor when PA6 con-
centration and collector distance were high. The collector dis-
tance may be increased in favor of reducing the fiber diameter.
The above results are consistent with the report in the literature
[34,35].
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Fig. 2. (A) FESEM image of the Ru-MWNTs-PA6 luminescent composite nanofi-
bers. PA6 (31 wt%), MWNTs (0.8 wt%), Ru(bpy)3* (0.2 wt%), 7 spinneret, 15 cm
gap, 0.8 mL h~! rate, 15.1 kV electrical potential, the diameters of the nanofibers
was 300 nm. (B) The diameter distribution of the Ru-MWNTs-PA6 luminescent
composite nanofibers.

3.2. Fluorescence photographs of the Ru-MWNTs-PA6 luminescent
composite nanofibers

The fluorescence photographs of the Ru-MWNTs-PA6 lumi-
nescent composite nanofibers (Ru(bpy)3* (0.2 wt%), PA6 (31 wt%)
and MWNTs (0.8 wt%)) were recorded using inverted fluorescence
microscope as shown in Fig. 3. The fluorescence photographs
show that the Ru-MWNTs-PA6 luminescent composite nanofibers
emit bright orange light at 610 nm and the luminosities are
uniform when the photographs magnified at 400 times. The
results are in agreement with the characteristics of free
Ru(bpy)3* ion, which convinces that the Ru-MWNTs-PA6 lumi-
nescent composite nanofibers with a porous 3D structure prop-
erly maintain the luminescent property of Ru(bpy)3* ions.
Furthermore, the existence of the polymer hybrid matrixes can
improve the thermal and optical stability of the Ru(bpy)3*
complex and elongate the fluorescence lifetime of the Ru(bpy)3*
complex. Due to the outstanding fluorescent property, the Ru-
MWNTs-PA6 luminescent composite nanofibers show potential
applications in sensors and preparation of various polymer
optoelectronic micro/nano materials.

AN

Fig. 3. Fluorescence photograph of the Ru-MWNTSs-PA6 luminescent composite
nanofibers magnified at 400 times.

3.3. The characterization of the Ru-MWNTs-PA6 luminescent
composite nanofibers

The electrochemical surface area has been evaluated according
to the reported protocols [16]. Compared with the bare GC
electrode, the electrochemical surface area of the Ru-MWNTs-
PAG6 nanofibers electrode increased from 0.071 to 0.229 cm?. It
was resulted from the fact that numerous Ru-MWNTs-PA6
nanofibers existed on the GC electrode surface, of which each
Ru-MWNTSs-PA6 nanofiber having a large surface area can be
regarded as an independent micro electrode when the electro-
chemical reaction taken place on the Ru-MWNTs-PA6 nanofibers
electrode. By this way, a significantly increasing of the oxidation
current around Ru-MWNTSs-PA6 nanofibers was achieved. Finally,
the Ru-MWNTs-PA6 nanofibers with 3D porous structure pro-
duced by electrospinning can increase the electrochemical surface
area effectively.

The ECL intensity-potential curve of the Ru-MWNTs-PA6 nanofi-
bers electrode in 20 mM PBS containing 1 mM TPrA (pH 8.0) is shown
in Fig. 4. The ECL signal increases sharply at 0.9 V and reaches its peak
at 1.17 V, which is almost the same as that of free Ru(bpy)3* under
the same experimental conditions. The ECL signal of the Ru-MWNTs-
PA6 nanofibers electrode in the presence of 1.0 mM TPrA (Fig. 4A,
curve a) was stronger than that obtained without TPrA (Fig. 4A, curve
b), and the Ru-MWNTs-PA6 luminescent composite nanofibers had a
pair of obvious redox peaks of Ru(bpy)3* at CV curve (Fig. 4B). These
results are in agreement with the characteristics of free Ru(bpy)3+
ion [36,37], which convinces that the Ru-MWNTs-PA6 luminescent
composite nanofibers with a porous 3D structure properly maintain
the electrical properties of the Ru(bpy)3* ions.

In order to demonstrate the advantage of the Ru-MWNTSs-PA6
luminescent composite nanofibers in ECL amplification, we compared
the different ECL behaviors between a thin film, and Ru-MWNTs-PA6
nanofibers on GC electrode (for fabrication details, see the experi-
mental section), respectively. As shown in Fig. 5, for the Ru-MWNTs-
PA6 nanofibers electrode, the ECL peak reached 1.17 V and the ECL
intensity was 953 a.u. The ECL intensity almost unchanged in 20 mM
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Fig. 4. (A) The ECL intensity of the Ru-MWNTs-PA6 nanofibers electrode in
present (a) and absent (b) of 1.0 mM TPrA-20 mM PBS (pH 8.0). (B) The cyclic
voltammogram of the Ru-MWNTs-PA6 nanofibers electrode in 20 mM PBS (pH
8.0). Scan rate: 100 mV s~ ', scan range: 0.6-1.4 V.
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Fig. 5. The ECL curves of the Ru-MWNTs-PA6 nanofibers electrode and the Ru-
MWNTs-PA6 film electrode in 20 mM PBS containing 1.0 mM TPrA (pH 8.0), under
continuous CVs for 6 cycles. Scan rate: 100 mV s!, scan range: 0.6-1.2 V. (a) the
Ru-MWNTs-PA6 nanofibers electrode, (b) the Ru-MWNTs-PAG6 film electrode.

PBS containing 1.0 mM TPrA (pH 8.0) during continuous CV scans for
6 cycles (curve a). Thus, electronspun nanofibers can be used as the
attractive host matrix for the available loading of guest molecules
(Ru(bpy)3*) in the electrode modification. The ECL intensity of the
Ru-MWNTSs-PAG film electrode was 736 a.u. in 20 mM PBS containing
1.0 mM TPrA (pH 8.0) under the first CV cycle (curve b). However, the
ECL intensity of the Ru-MWNTs-PA6 film electrode was becoming
smaller and smaller during continuous CV scans for 6 cycles, at last,
the ECL intensity was only 67 a.u. (curve b). Since the thin film and
the Ru-MWNTs-PA6 nanofibers are both fabricated with the same
electrospinning solution, the ECL intensity of the Ru-MWNTs-PA6
nanofibers is about 14.2 times higher than that of the thin film after
continuous CV scans for 6 cycles as shown in Fig. 5. It might be
attributed to the high surface area to volume ratio, and the uniform,
stable and efficient immobilization of Ru(bpy)3*. TPrA, a small
molecule, acted as an ECL coreactant, can penetrate freely into the
Ru-MWNTs-PA6 nanofibers matrix and react with the immobilized
guest molecules (Ru(bpy)3*). As a result, an enhanced response
presented due to the porous structure of the electrospun nanofibers.
Moreover, the outstanding charge-transport characteristics of the
MWNTs might greatly promote the electron-transfer reactions of

the Ru-MWNTs-PA6 nanofibers electrode surface. Finally, the Ru-
MWNTs-PA6 nanofibers exhibited excellent ECL behaviors on GC
electrode.

The ECL intensity of the Ru-MWNTs-PA6 nanofibers electrode
almost unchanged during continuous CV scans for 30 cycles. It
indicates a good stability of the ECL signal of the electrospun
nanofibers. The Ru-MWNTs-PA6 nanofibers electrode was immersed
in 20 mM PBS containing 1.0 mM TPrA (pH 8.0) for 10 h, and no ECL
signal was detected for the above PBS. It is attributed to the fact that
negatively charged COOH-MWNTs, with a high specific surface area,
immobilized stably a large number of positively charged Ru(bpy)3*
in the form of composites via electrostatic interaction in the porous
3D structure nanofibrous membrane, and a trace amount of MWCNTSs
could increase the mechanical stability of nanofibers, and make them
more durable under operating conditions.

3.4. Optimization of experimental conditions

In order to maximize the detection sensitivity of the proposed
solid-state ECL sensor, various conditions were optimized by single
factor experiments. The depositing time of the Ru-MWNTs-PA6
nanofibers on the surface of the GC electrode was investigated. In
3 min, the Ru-MWNTs-PA6 nanofibers were deposit on the surface of
the GC electrode, and were visible directly. So, we employed 3 min to
deposit the Ru-MWNTs-PA6 nanofibers on the surface of the GC
electrode by electrospinning the solution (containing Ru(bpy)3*
(0.2 wt%), PA6 (31 wt%) and MWNTs (0.8 wt%)). In such conditions,
Ru-MWNTs-PA6 nanofibers electrode has not only the outstanding
charge-transport characteristics but also the good stability.

In order to examine the effect of doped concentration of
Ru(bpy)3* on the luminescent intensity, four different amounts of
Ru(bpy )+ (0.1, 0.15, 0.2, 0.3 wt%) were doped to the nanofibers. It is
obvious that the luminescent intensity increases with the increment
of doping concentration, and reaches the maximum at the doping
concentration of 0.2 wt%. The luminescent intensity decreases at
0.3 wt%. It indicates that the concentration quenching may dominate
when the concentration is higher than 0.2 wt%. In other words, when
the concentration is higher than 0.2 wt¥%, the strong self-quenching
and triplet-triplet annihilation between ruthenium(Il) complex in the
composite fibers may decrease the emission efficiency.

The determination buffer solution has great impact on ECL
intensity. The concentration effects of TPrA and the pH of the PBS
on the ECL intensity of the Ru-MWNTs-PA6 nanofibers electrode
were investigated. The curve that the ECL intensity varied with the
concentration of the TPrA from 0 to 2.0 mM with an increment of
0.5 mM was like a parabola and its peak was at 1.0 mM. So, 1.0 mM
was chosen as the concentration of the TPrA. The ECL intensity
increased greatly with the pH value increasing until it reached a
plateau in the pH 7.5-8.5 and declined sharply at the pH > 8.5. So,
8.0 was chosen as the pH value of the PBS at the following
experiment.

3.5. The analytical performance of the solid-state ECL sensing
platform

Phenolic compounds are pharmaceutically and environmentally
important compounds. It has been reported that phenolic compounds
exhibit a quenching effect on Ru(bpy)3* ECL signals due to the
energy transfer from the excited state Ru(bpy)3** to the electro-
oxidation species of phenolic compounds [38,39]. In this work,
different quenching efficiencies between catechol, hydroquinone,
resorcin, benzoquinone and phenol were observed. The quenching
efficiency is defined as (12— Igc)/I8c, where Iz and I8 represent
the ECL intensity with and without the quencher, respectively. As
shown in Table 1, catechol and resorcin show high quenching
efficiencies. With a concentration of 200 M, they display quenching
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Table 1
The quenching efficiencies of the phenolic compounds in 20 mM PBS containing
1.0 mM TPrA and 200 pM phenolic compound (pH 8.0).

Compound® Catechol Hydroquinone Resorcin Benzoquinone Phenol

(Io—D)/Io (%) 685 61.7 70.1 67.6 539

? The concentration of the compound is 200 puM, the fluctuation range of the
quenching efficiency is + 5%. Scan rate: 100 mV s~ !, scan range: 0.0-1.2 V.
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Fig. 6. The ECL response of the Ru-MWNTs-PA6 nanofibers electrodes in 20 mM
PBS containing various concentrations of catechol. The concentrations of catechol
were 0 M (a), 2 nM (b), 20 nM (c), 200 nM (d), 2 uM (e), 20 uM (f) and 200 puM (g),
respectively. Inset: the calibration curves of catechol detection. The concentra-
tions of catechol were 2 nM, 20 nM, 200 nM and 2 pM, respectively. ECL signals
were achieved in 20 mM PBS containing 1.0 mM APrA (pH 8.0). Scan rate:
100 mV s~!, scan range: 0.0-1.2 V.

efficiencies of 68.5% and 70.1%, respectively. Although phenol can
hardly match the quenching efficiencies above at the same concen-
tration, they also exhibit efficiently quenching efficiencies of 53.9%.
This offers great potential for detecting phenolic compounds using
Ru-MWNTs-PA6 nanofibers-based solid-state ECL sensing platform.
However, the separation steps could be needed when the ECL sensing
platform applied in the phenolic real samples.

The relative standard deviation (RSD) of the ECL intensity for the
seven repeated detections of catechol (200 uM) was 4.83%, indicating
the good reproducibility of this method. The stability of the Ru-
MWNTs-PA6 nanofibers electrode was investigated after 10 days
storage at room temperature and further used to incubate with the
catechol, 96.1% of the initial sensitivity remained, suggested this
modified electrode was a stable sensing platform. So, the solid-state
ECL catechol sensor displayed good performance including long shelf
life and excellent reproducibility.

Moreover, after the catechol test, the solid-state ECL sensing
platform can be regenerated by immersing it into the ultrapure
water, and rinsing it for several times to remove the adsorbed
catechol and TPrA thoroughly. After the treatments, the platform is
ready to incubate with the catechol again and for next catechol
detection. Under the identical conditions, the platform can be con-
tinuously reused for 10 times, while still keeping the ECL response to
91.3% of its original state. As 90% of the original signal response is
generally acceptable, our results indicate that this platform can be
reused at least for 10 times repeatedly.

3.6. The calibration curve of catechol detection

The sensitivity of the solid-state ECL sensor was investigated.
ECL responses of the Ru-MWNTs-PA6 nanofibers electrodes in

20 mM PBS containing various concentrations of catechol are
shown in Fig. 6. The ECL intensity difference [Algcr, Algc. =12 (the
ECL intensities without catechol)—Igc (the ECL intensities with
catechol)] of the Ru-MWNTs-PA6 nanofibers electrodes grew
when the catechol concentration increased, and the Algc. was
found to be linear with the logarithm of catechol concentration in
the range from 2nM to 2 puM (as shown in the inset). The
equation for the resulting calibration plot was y=43.61gx+92.1
(x was the concentration of catechol divide 2 nM, y was the Algcp),
the correlation coefficient was 0.9991, and a detection limit of
1.0nM was estimated by using 30 (where ¢ is the relative
standard deviation of a blank solution, n=11). The consistent
data was obtained as shown in the error bar in the inset of the
Fig. 6 when the experiment was repeated three times.

4. Conclusions

In this paper, a new, simple and general solid-state ECL sensing
platform for detection of catechol has been designed. The lumi-
nescent composite nanofibers Ru-MWNTs-PA6 were successfully
fabricated by a one-step electrospinning technique. As a sensing
platform, the Ru-MWNTSs-PA6 nanofibers with unique 3D nanos-
tructure, large specific surface area and good stability exhibited
excellent ECL behaviors on GC electrodes. A high quenching
efficiency on the ECL signal was obtained with the presence of
low concentration catechol compounds. The solid-state ECL sen-
sor displayed wide linear range, high sensitivity and good stabi-
lity. The assay allows detection at levels as low as 1.0 nM of the
catechol. The results demonstrate that electrospinning technique
can be used to develop highly efficient solid-state ECL sensors.
Moreover, the strategy could be extended to develop various
solid-state ECL sensors for the detection and quantification of
many kinds of analytes, such as phenol, benzoquinone, other
phenolic compounds, etc.
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