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ABSTRACT

A novel graphene oxide sheets/polyaniline/CdSe quantum dots (GO/PANi/CdSe) nanocomposites were
successfully synthesized and used for the sensitive electrochemiluminescence (ECL) biosensing.
The GO/PANi/CdSe nanocomposites were characterized by transmission electron microscopy (TEM),
scanning electron microscopy (SEM), ultraviolet-visible (UV-vis) absorption spectroscopy, photolumi-
nescence (PL) spectroscopy and Fourier transform infrared (FTIR) spectroscopy. Finally, the nanocom-
posites were employed to construct the biosensor via layer-by-layer assembly for the ECL detection of
Cytochrome C (Cyt C). The whole process was characterized by cyclic voltammogram (CV) and
electrochemical impedance spectroscopy (EIS). Experimental parameters such as the ratio of GO/PAN;,
the K,S40g concentration and the pH value of electrolyte solution were studied to investigate the effect
on the ECL intensity. Under the optimized conditions, the ECL intensity decreased linearly with the Cyt
C concentrations in the range from 5.0 x 108 to 1.0 x 10~* M with detection limit of 2.0 x 10~8 M.
Besides, the as-proposed biosensor exhibits high specificity, good reproducibility, and stability, and

may be applied in more bioanalytical systems.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In the past few years, graphene has attracted more and more
attentions and been widely studied since its discovery in 2004
(Novoselov et al., 2004). As a new type of carbon-based nanoma-
terial with single-atom thickness, graphene exhibits excellent
properties such as good thermal and electrical conductivity, high
surface area, and strong mechanical strength (Stampfer et al.,
2008; Li and Kaner, 2008a). What's more, graphene could pro-
mote electron transfer kinetics for a wide range of electroactive
species. All these properties make graphene a good candidate in
many fields. Graphene oxide (GO) is a chemically modified
graphene sheet, which contains a wide range of oxygen functional
groups such as epoxide, alcohol, and carboxylic acid both on the
basal planes and at the edges of the sheets (Cai et al., 2008).
Compared with graphene, GO not only owns the two-dimensional
structure, but possesses some unique properties totally different
from the graphene. With the existent of these oxygen functional
groups, GO could be easily modified to produce homogeneous
colloidal suspensions and to synthesize the graphene-based
materials (Park et al., 2009b). Nowadays, GO has been widely
applied in nanoelectronics (Savchenko, 2009), electrochemical
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sensors and biosensors (Liu et al., 2012c; Wang et al., 2009d),
lithium battery (Wang et al., 2009a), and supercapacitor (Zhang
et al,, 2012) etc. On the other hand, various GO-based nanocom-
posites have also been synthesized and used to construct the
biosensor. Polystyrene (Hu et al., 2010), polyaniline (Sheng et al.,
2011), Au nanoparticles (Gutés et al., 2012), platinum nanoparti-
cles (Dong et al., 2010), and Ag,S (Mo et al., 2012) are used to
prepare the GO based composites and to entrap enzymes and
proteins for biosensing, which includes glucose oxidase (Shan
et al., 2010), hemoglobin (Feng et al., 2012b), myoglobin (Guo
et al.,, 2012), horseradish peroxidase (HRP) (Zhou et al., 2010),
DNA (Mohanty and Berry, 2008), and so on.

Quantum dots (QDs), as newly developed inorganic fluorescent
materials, have been extensively studied because of their special
optical and electrochemical properties (Burda et al., 2005). After
Bard's group found that QDs could generate stable light emission
under electrochemical inducement, which was called electrochemi-
luminescence (ECL), highly luminescent QDs gained increasing atten-
tion for the applications in bioconjugates and optical biosensor (Choi
et al,, 2006; Feng et al., 2007a). In order to gain higher efficient ECL
intensity, some oxidants including K,S,0g (Jie et al., 2008a), Na;SO3
(Liu and Ju, 2008b) were usually employed in previous reports. But
these oxidants would destroy the buffer condition and even
oxidize all of the analytes, which made the systems lose selectivity
and biocompatibility. In order to overcome this drawback, Li’s
group (Wang et al., 2009e) reported a graphene oxide amplified
electrochemiluminescence (ECL) of quantum dots (QDs) platform. In
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this system, the GO could facilitate the generation of QDs radicals and
form a high yield of QDs*, which lead to 5 times enhancement of ECL
intensity compared with the system without graphene oxide. Lately,
Ju’s group (Deng et al.,, 2011) developed a signal amplification system
for QDs by using electrochemically reduced graphene oxide (ERGO).
In the presence of dissolved O, as coreactant, the QDs/ERGO modified
electrode showed ECL intensity increase by 4.2 and 178.9 times as
compared with intrinsic QDs and QDs/GO modified electrodes due to
the adsorption of dissolved O, on ERGO and the facilitated electron
transfer. When used for choline and acetylcholine detection, the two
ECL biosensors showed the linear response ranges and detection
limits of 10-210 uM and 8.8 uM for choline, and 10-250 uM and
4.7 uM for acetylcholine, respectively. As a traditional polymer,
polyaniline (PANi) has attracted many interests (Pan et al., 2006;
Gangopadhyay and De, 2000) because of its relatively easy prepara-
tion and high degree of conductivity.

Cyt C, about 12 kDa molecular weight, is a heme protein involved
in mitochondrial electron transfer. It has been widely studied due to
its applications for biosensor (Luo et al., 2009) and biofuel cells
(Ramanavicius and Ramanaviciene, 2009). Many techniques includ-
ing electrochemistry (Wang et al,, 2012b), fluorescence (Fan et al.,
2002), and electrochemiluminescence (Wang et al., 2012c) have
been employed for the determination of Cyt C. ECL has special
advantages over other analytic techniques, such as low cost, wide
range of analytes, and high sensitivity (Li et al., 2011c). Herein, we
prepare the GO/PANi/CdSe nanocomposites used for the ECL detec-
tion of Cyt C. The GO/PANi nanocomposites were obtained via
polymerization of aniline monomer with GO by using (NH,4),S40g
as oxidant. The GO/PANi/CdSe nanocomposites were received by
mixing GO/PANi solution and the CdSe QDs solutions under mild
sonication. When the as-prepared nanocomposites were employed
to construct the biosensor via layer-by-layer assembly for the ECL
detection of Cyt C, the biosensor exhibited wide linear range, good
reproducibility and stability.

2. Experimental
2.1. Materials and reagents
Graphite powder (99.995%), potassium permanganate (KMnO,),

sodium nitrate (NaNOs), and 1-Cysteine were purchased from
Shanghai Chemical Reagent Co. Ltd. Aniline was obtained from

Sinopharm. Chemical Reagent Co. Ltd. Sulfuric acid (H,SO4)
was purchased from Shanghai Suyi chemical reagent Co. Ltd.
(NH4),S408 was obtained from Guangfu Fine Chemical Research
Institute. Cytochrome C (Mw=12,588) was provided by Shanghai
Sangon Biological Engineering Technology Co., Ltd. All reagents
were used without further purification. 0.1 M PBS of various pH
value was prepared by mixing the stock solutions of NaH,PO,4 and
Na,HPO,, and adjusting the pH with 0.1 M NaOH and H3PO,4. 0.1 M
PBS (pH 7.4) containing 0.1 M K,S,0g and 0.1 M KCl was used as
the electrolyte in ECL test. Ultrapure fresh water which was
obtained from AK Exceed-E-V lab pure water system was used
throughout this work.

2.2. Synthesis of GO/PANi nanocomposites

Graphene oxide (GO) was prepared from graphite powder by a
modified Hummers method (Hummers and Offeman, 1958).
A brown suspension of GO (0.5 mg/mL) sheets was obtained by
mild sonication of the prepared graphite oxide powder (25 mg) in
aqueous 50 mL of 1M H,SO4 for 1h. Then 200 pL of aniline
monomer was added into 50 mL of 0.5 mg/mL of GO solution and
sonicated for 30 min. After that, 0.2281 g (NH4),S40g was added
into the above mixture and sonicated at 20 °C for 2 h. The GO/
PANi nanocomposite was obtained while the color of the mixture
changed into black green.

2.3. Preparation of the GO/PANi/CdSe nanocomposites

Scheme 1A shows the whole process for the GO/PANi/CdSe
QDs nanocomposites preparation. The L-cysteine modified CdSe
quantum dots (QDs) were prepared according to the literature
(Park et al., 2009c). To prepare GO/PANi/CdSe nanocomposites,
0.5 mg/mL GO/PANi solution was mixed with CdSe QDs solution
with the volume ratio of 1:3 by mild sonication for 5 min.

2.4. Fabrication of ECL biosensor

Scheme 1B shows the strategy of the constructing the ECL
biosensor. The whole process can be divided into two sections. First
of all, the glassy carbon electrode (GCE, d=4 mm) was carefully
polished to a mirror by 1.0, 0.3, and 0.05 pm alumina powder
respectively. After sonicating in ethanol and ultrapure water in turn,
the electrode was allowed to dry at room temperature. Secondly,
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Scheme 1. Schematic representation of preparation procedure of GO/PANi/CdSe nanocomposites (A) and the stepwise biosensor (B).
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10 pL of GO/PANi/CdSe nanocomposites solution was dropped onto
GCE so as to construct the GO/PANi/CdSe electrode. Then 3 pL of
Nafion solution (0.1 wt%) was dropped onto the surface of the GO/
PANi/CdSe modified electrodes and dried in air.

2.5. Instruments

The morphology and structural properties were characterized
by field emission scanning electron microscopy (SEM, S4800,
Hitachi, Japan) and transmission electron microscopy (TEM,
JEM-2100, JEOL, Japan). Ultraviolet-visible (UV-vis) absorption
spectra were recorded on a UV spectroscopy (UV-3600, Shimadzu,
Japan). Photoluminescence (PL) spectra were obtained on photo-
luminescence spectrometer (F-2500, Hitachi, Japan). Fourier
transform infrared (FTIR) spectra were received by a spectro-
photometer (870 FTIR, Nicolet Nexus, USA). The electrochemical
and electrochemiluminescence (ECL) experiments were con-
ducted by electrochemistry work station (LK2005A, Tianjin,
China) and electrochemiluminescence analyzer (MPI-A, Xi’An
Remax Electronic Science & Technology Co. Ltd., China) with a
conventional three-electrode system composed of a platinum
wire as the counter electrode and a saturated calomel electrode
(SCE) as the reference; working electrodes were bare or modified
glass carbon disk (GCE) electrodes (4 mm diameter), respectively.
Electrochemical impedance spectra (EIS) were carried out with a
Thales electrochemical workstation (Zahner-elektrik GmbH & Co.
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KG, Germany), using the same three-electrode system as in the
ECL detection.

3. Results and discussion
3.1. Characterization

The morphologies and size of all samples are observed by TEM
and SEM techniques. It can be observed in Fig. 1a that the GO
nanosheets represent almost a transparent flake-like morphology
with thickness of about 10 nm (Fig. 1b). In addition, the restacked
parts and wrinkles can also be seen due to the electronic
repulsion between the soft and flexible layers. The TEM image
in Fig. 1c shows that the edge of GO/PANi nanocomposites is
almost transparent, while the center section is very black,
corresponding to GO nanosheets and GO/PANi nanocomposites
respectively. However, the surface of GO/PANi nanocomposites is
very rough and the thickness of single GO/PANi nanocomposites
is about 30 nm (Fig. 1d), which is very different from that of GO
nanosheets. Moreover, the morphology of the as-prepared GO/
PANi nanocomposites is quite uniform and no individual
GO or PANi agglomerates can be observed in Figs. 1c and d,
indicating that PANi has coupled onto the GO nanosheets com-
pletely and successfully. As shown in Fig. 1e, the homogeneous
CdSe QDs on the surface of the GO/PANi nanocomposites were

b

Fig. 1. TEM and SEM images of GO (a and b); GO/PANi nanocomposites (c and d); TEM of GO/PANi/CdSe nanocomposite (e and f).
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observed. High-resolution transmission electron microscopy
(HRTEM) image (Fig. 1f) displays the crystalline features of CdSe
QDs with average size of about 2.5 nm.

Fig. 2A shows the photographs of nanocomposites solution of
GO/PANi and GO/PANi/CdSe. It is obviously that the color of GO/
PANi (b) is black green. After CdSe QDs added, the color becomes
yellow green (d). The result further confirmed that GO/PANi/CdSe
nanocomposites was obtained successfully.

FTIR, UV-vis and PL techniques were used to characterize the
as-obtained GO/PANi/CdSe nanocomposites. FTIR spectra as
shown in Fig. 2B provide further information for GO/PANi/CdSe
nanocomposites. As for curve a in Fig. 2B, the spectrum of GO
illustrates the presence of C-O (1110 cm~'), C-OH (1395 cm™ 1),
C=0 (1733cm™'), and C-0-C (960cm~!'). The peak at
1631 cm~! can be attributed to the stretching deformation
vibration of intercalated water and the skeletal vibrations of
unoxidized graphite. The spectrum also shows a broad, intense
band at 3410 cm ™! that corresponds to O-H stretching vibrations
of the O-H groups originated from carboxylic acid as well as
intercalated water. This is in agreement with the reported data
(Park et al., 2009a; Li et al., 2008b). However, compared with the
above bands of GO nanosheets, these absorption bands are
decreased in that of the GO/PANi nanocomposites, indicating
most of the functional groups have been essentially removed in
polymerization process. As shown in curve b of Fig. 2B, the main
peaks at 1562 and 1468 cm~! can be assigned to the stretching
vibrations of quinono and benzene rings, respectively. The peaks
at 1292 and 1227 cm~! correspond to the C-N stretching vibra-
tion. The in-plane bending of C-H is reflected in the 1111 cm ™!
peak. The peak at 790 cm~! is attributed to the out-of-plane
bending of C-H. All of the above peaks can be seen from spectrum
of GO/PANi nanocomposite film, which indicated that PANi was
existent in the surface of GO nanosheets. Furthermore, the
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absorption bands between 1000 cm~! and 1500 cm ™! are almost
vanished in the FTIR spectrum of the GO/PANi/CdSe nanocompo-
sites (curve c in Fig. 2B). This indicated the existence of CdSe QDs
in the surface of GO/PANiI.

In the UV-vis spectra, there are two absorption features of GO
in curve a of Fig. 2C. A peak at 230 nm originated from the ©w—*
transition of C=C, and a shoulder at about 290 nm corresponded
to the n—7* transition of the C=0 bond. The peak position of
polyaniline appeared at 360 and 800 nm in curve b of Fig. 2C,
which can be attributed to polaron-7* and m-polaron transitions
respectively. The peak position of GO/PANi nanocomposites
spectrum (curve c in Fig. 2C) was the same as polyaniline, but
with different absorbance intensity. This transfer indicated that
the function groups of GO and PANi had been changed through
the in situ reaction. Curve d in Fig. 2C shows that the exact
absorption of free CdSe QDs with the same quantity of QDs in the
GO/PANi/CdSe nanocomposites. The absorption position located
at 420 nm, which means the size of CdSe QDs was 1.72 nm. And
the weak peak at about 360 nm is attributed to the absorption of
the particles with smaller size. Compared with CdSe QDs, the
absorption peak at 420 nm (curve e in Fig. 2C) of GO/PANi/CdSe
nanocomposites is much weaker than that of CdSe QDs, which
indicates that the CdSe QDs have been combined with GO/PANi
nanocomposites.

The PL emission spectra of the products are shown in Fig. 2D.
There were very weak emission peak in the GO nanosheets, PANi
and GO/PANi nanocomposites. The peak position of pure CdSe
QDs was 522 nm (curve d in Fig. 2D). The peak position of GO/
PANi/CdSe QDs was 523 nm (curve e in Fig. 2D), which was
almost identical to pure CdSe QDs, except for little decrease in
emission intensity. This result can be attributed to the electron
transfer from excited CdSe QDs to GO/PANi nanocomposite. The
1 nm red shift suggested that the light emission feature of CdSe
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Fig. 2. (A) Images of water dispersions of (a) GO, (b) GO/PANI, (c) CdSe and (d) GO/PANi/CdSe; (B) FTIR spectra of (a) GO; (b) GO/PANi; (c) GO/PANi/CdSe. (C) UV-vis
spectra of (a) GO; (b) PANi; (c¢) GO/PAN:i; (d) CdSe; (e) GO/PANi/CdSe; (D) PL spectra of (a) GO; (b) PANi; (c) GO/PAN:i; (d) CdSe; (e) GO/PANi/CdSe.
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QDs was preserved by depositing them on the surface of the
GO/PANi nanocomposites. PL spectra reveal that GO/PANi/CdSe
nanocomposite have been obtained.

3.2. The electrochemical and ECL behavior

EIS is an effective method to monitor the feature of modified
electrode surface. It consists of two portions: the semicircle
portion and the linear portion. The semicircle diameter at higher
part represents the electron-transfer resistance (Re¢), and the
linear part at lower frequencies represents the diffusion process.
Fig. 3A shows the Nyquist plots of EIS observed upon the stepwise
modification processes. The bare glass electrode revealed a small
semicircle domain, which implies the lowest electron-transfer
resistance (curve a in Fig. 3A). Comparing with curve a in Fig. 3A,
semicircle diameter in curve b of Fig. 3A is slightly increased due
to the introduction of GO/PANi nanocomposites. Additionally, EIS
of the GO/PANi/CdSe nanocomposites modified electrode shows a
large increase in diameter (curve c in Fig. 3A), suggesting that the
CdSe QDs formed an additional barrier and further prevented the
transformation of electron to the electrode surface.

Fig. 3B shows the ECL-potential curves obtained by the
electrodes modified with different products, respectively.
Obviously, the bare GCE and the GO/PANi nanocomposites
modified electrode have poor ECL emission (curves a and b in
Fig. 3B). However, all electrodes containing CdSe QDs have good
ECL emission peak (curves ¢ and d in Fig. 3B). Compared with
curve c in Fig. 3B, the intensity of curve d in Fig. 3B has been
enhanced obviously. The ECL intensity of the GO/PANi/CdSe
nanocomposites is over four times higher than the intensity of
pure CdSe QDs. The result reveals that the introduction of GO/
PANi nanocomposite enhanced the ECL emission. This may be due
to the fact that the larger surface area in the nanocomposite film
not only induced the occurrence of ECL signal at the interface, but
also in the nanocrystalline film. Furthermore, the amine groups of
GO/PANi nanocomposite facilitated the radical generation and
electron-transfer processes during the ECL reaction. In addition,
the strong ECL emission produced by the GO/PANi/CdSe nano-
composites is very stable under successive cyclic voltammetry
(inset in Fig. 3B). All the ECL peaks in the absence of CdSe QDs
were very low, which indicated that ECL was from the CdSe QDs.
Thus, This ECL mechanism is similar to that of the other nano-
materials (Ding et al., 2002). In our case, when the potential
became sufficiently negative, the CdSe QDs was reduced by
electron injetion to nanocrystalline species (CdSe~*®). Meanwhile,
the reduction of S,05~ by GO/PANi (R-NH,) on the electrode
produces a strong oxidant (SOz ®). Then CdSe~*® could react with
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SOz ® to emit light in the aqueous solution. The ECL mechanism is
listed as follows (Zu and Bard, 2000; Jie et al., 2008b):

CdSe QDs+ne~ —»nCdSe~*

S,03~ +R—NH,—>S03~ +50; *+R—NH5*

CdSe~*+S0; ®—CdSe*+S02~

CdSe* - CdSe + hv (4)

3.3. Condition optimization

The effects on ECL responses were studied by a series of
experiments parameters. Fig. 4A shows the effect of the volume
ratio of GO/PANi to CdSe on ECL intensity. When the Vcgse/Vio,
pani Was increased to 3, the nanocomposites gained the maximum
ECL intensity. This explain that increasing CdSe QDs would
efficiently facilitate the radical generation, and lead to the
enhancement in ECL intensity. However, the ECL intensity
decreased dramatically with Vcgse/Veospani Over 3, which indi-
cated that deposition of a large amount of CdSe QDs on the
electrode surface (Jie et al., 2008b). Thus Vcase/Vgospani for
biosensors was chosen to be 3.

The effect of pH value on the ECL response was investigated in
the range of 4.0-9.0. As shown in Fig.4B, the ECL response of
the biosensor increased from 4.0 to 7.0 and then decreased. The
maximum ECL intensity was observed at pH 7.0. The influence of
pH value on the ECL response may be explained as follows. With
the increasing pH value in the range from 4.0 to 7.0, the more
negatively charged species could accelerate electron transfer.
However, when pH was higher than 7.0, excessive anions would
be loaded on the surface of the electrode, which extremely
suppressed the approach of negatively charged of CdSe QDs and
made the ECL intensity decrease quickly (Liu et al., 2007a). Since
the optimal pH value for the biological systems is about 7.4, the
ECL detection is performed in pH 7.4 PBS containing 0.1 M KCl
and 0.1 M K5S,0s.

In addition, the effect of K;S,0g concentration on the ECL
intensity was also studied in the range from 0.02 M to 0.16 M
(Fig. 4C). With the increasing concentrations of K,;S,0g, the ECL
intensity increased. This may be explained that the formed
oxidant increased with the increase of K,S,0g density, and
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Fig. 3. (A) The ECL-potential curves of different electrodes: (a) bare GCE; (b) GO/PANi/GCE; (c) CdSe/GCE; (d) GO/PANi/CdSe/GCE. (B) Electrochemical impedance
spectroscopy of the electrode at different stages: (a) bare GCE; (b) after immobilization of GO/PANi nanocomposites; (c¢) after assembly of GO/PANi/CdSe nanocomposites
in 0.1 M KCI solution with 4 mM [Fe(CN)s]®> /4~ electroactive probes. The frequency range in EIS experiments is between 102 Hz and 10° Hz with signal amplitude of 5 mV.
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leading to enhancement in ECL intensity. When K;,S,0g exceeded
0.1 M, the ECL intensity decreased, which indicated that the
overloaded SO; ® increased the film thickness. Thus, the 0.1 M
K5S,0g5 is selected for the ECL detection.

3.4. ECL detection of Cyt C

When Cyt C was injected into electrolyte, the ECL intensity
dramatically decreased. The more Cyt C concentrations that was
increased, the more ECL intensity that was decreased. The reason
was that Cyt C increased the steric hindrance which inhibited
the transfer of electrons and K,S,0g in the ECL reaction, and
thus decreased the ECL intensity (Jie et al., 2008b). The results
suggested that the Cyt C concentration could be determined with

the ECL biosensor. Fig. 5A shows the ECL responses upon the
increase of different Cyt C concentrations. The ECL intensity
decreased linearly with the Cyt C concentrations ranging from
50x 1078 to 1.0 x 104 M (R=0.9933, n=7). The detection limit
was estimated to be 2.0 x 108 M. In particular, compared with
other analytical method, the fabricated ECL biosensor displayed a
wider linear detection range and lower detection limit which was
lower than the previously reported (Wang et al., 2012b, 2012c).
Selectivity is an important criterion for biosensors. To further
study the specificity of the ECL biosensor, the contrast measure-
ment was performed by adding dopamine and bovine serum
albumin (BSA) to the ECL electrolyte instead of Cyt C, respectively.
Comparing with the quenching effect of Cyt C on ECL intensity, as
shown in Fig. 5B, the effect of two contrasts is neglectable when
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the concentrations are varied from 5.0x 1072 to 1.0x 104 M.
Thus, the biosensor had a good selectivity to Cyt C, which makes
this biosensor feasible for the determination of real sample.

The reproducibility of the biosensor for Cyt C was evaluated
from the response to 4 mM Cyt C at five different electrodes.
A series measurements from the batch experiments resulted in a
relative standard deviation (RSD) of 5.9%, indicating good
electrode-to-electrode reproducibility of the sensor. When the
biosensor was stored in pH 7.4 PBS at 4 °C for one week, no
apparent change in the same Cyt C concentration was found.
The above result indicates that the biosensor has good stability.

4. Conclusions

In this work, a novel GO/PANi composite was successfully
synthesized in one step by facile in-situ polymerization using GO
and aniline monomer as the raw materials. CdSe QDs were
successfully attached to GO/PANi to prepare the GO/PANi/CdSe
nanocomposite. The nanocomposites maintain the GO’s proper-
ties of large specific surface, good conductibility and high stabi-
lity. In addition, the PANi with excellent biocompatibility has
amine groups which can decrease the excitation energy of the ECL
reaction of CdSe QDs. The obtained GO/PANi/CdSe nanocomposite
was used to construct an ECL biosensor via layer-by-layer assem-
bly. The as-prepared ECL biosensor exhibited high ECL intensity,
long-term stability, high sensitivity and excellent specificity to
Cyt C. Furthermore, GO/PANi/CdSe nanocomposites could be a
promising option for the development of various ECL biosensors.
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