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An amplified solid-state electrochemiluminescence (ECL) biosensor for detection of cholesterol in near-
infrared (NIR) range was constructed based on CdTe quantum dots (QDs) decorated multiwalled carbon
nanotubes@reduced graphene nanoribbons (CdTe-MWCNTs@rGONRs), which were prepared by elec-
trostatic interactions. The CdTe QDs decorated on the MWCNTs@rGONRs resulted in the amplified ECL
intensity by ~4.5 fold and decreased onset potential by ~100 mV. By immobilization of the cholesterol
oxidase (ChOx) and NIR CdTe-MWCNTs@rGONRs on the electrode surface, a solid-state ECL biosensor for
cholesterol detection was constructed. When cholesterol was added to the detection solution, the im-
mobilized ChOx catalyzed the oxidation of cholesterol to generate H,O,, which could be used as the co-
reactant in the ECL system of CdTe-MWCNTs@rGONRs. The as-prepared biosensor exhibited good per-
formance for cholesterol detection including good reproducibility, selectivity, and acceptable linear range
from 1 pM to 1 mM with a relative low detection limit of 0.33 pM (S/N=3). The biosensor was suc-
cessfully applied to the determination of cholesterol in biological fluid and food sample, which would

open a new possibility for development of solid-state ECL biosensors with NIR emitters.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cholesterol, an essential lipid in the human organism, is an
important biomarker for the management of many diseases, such
as arteriosclerosis, myocardial infarction, brain thrombosis and etc.
(Aravamudhan et al., 2007). Hence, it is extremely important for
human health to develop efficient analytical methods for choles-
terol content estimation. Although the traditional methods, in-
cluding high performance liquid chromatography (Mariutti et al.,
2008), spectrophotometric (Odo et al., 2013) and colorimetric (Li
et al.,, 2012), are accurate for cholesterol determination, some
methods often present certain disadvantages such as instability of
reagents, poor specificity, expensive equipments or standardiza-
tion difficulties (Hong et al.,, 2013). Due to the combination ad-
vantages of chemiluminescence (Shi et al., 2013) and electro-
chemistry (Li et al., 2011a), electrochemiluminescence (ECL) has
attracted great attention in cholesterol determination by virtue of
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its unique advantages such as rapidity, high sensitivity, and sim-
plified optical setup (Wu et al., 2014a; Wu et al., 2014b; Zhang
et al,, 2012; Zhang et al., 2014a). For example, using luminol as the
ECL luminophor, Zhang et al. (2012) reported a cholesterol bio-
sensor based on the catalytic activity of gold nanoparticles towards
luminol-H,0, system; Wu et al. (2014b) constructed an ECL bio-
sensor for cholesterol detection based on the amplified ECL of
luminol at the MWCNTs-GO-Thi-Au nanocomposites film. The re-
sults indicated that the resulting ECL biosensors above demon-
strated high sensitivity and low detection limits for cholesterol
detection. However, these ECL systems are solution-state, which
would create high cost, large consumption of expensive ECL re-
agents and environmental pollution (Wang et al., 2014; Wei and
Wang, 2008). Thus, it is urgent to immobilize the ECL luminophor
on the electrode surface and explore solid-state ECL for cholesterol
determination, which has been rarely reported to our knowledge.

Semiconductor quantum dots (QDs), on account of their high
fluorescence quantum yields, stability against photo-bleaching,
and size-controlled luminescence properties, have received tre-
mendous attention in the fabrication of solid-state ECL systems
(Bertoncello and Forster, 2009; Jiang et al., 2015; Stewart et al.,
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2015; Wei et al., 2013). To achieve efficient ECL of QDs for bioa-
nalysis, it is an interesting approach for integrating QDs with
carbon nanomaterials such as carbon nanotubes (CNTs) and gra-
phene, which could not only amplified the ECL intensity but also
reduced the over-potential of ECL systems (Chen et al., 2011; Li
et al,, 2011b; Wang et al., 2009, 2010). For example, in situ growth
of CdS QDs on the wall of CNTs could enhance the ECL intensity of
QDs and move the onset ECL potential positively (Wang et al.,
2009); the CdSe QDs-graphene composite exhibited amplified ECL
signal and decreased potential barriers of the ECL reduction due to
the extraordinary electron transport of the doped graphene (Li
et al., 2011b); the addition of nitrogen-doped graphene (NG) in the
NG/CdTe QDs composite resulted in the improved ECL property of
CdTe QDs tremendously (Zhang et al., 2014b). All these result
above indicated that the ECL property of QDs could be improved
effectively by the incorporation of carbon nanomaterials, which
showed grand potential in the fabrication of ECL sensing interface
with good performance.

Recently, with the development of synthetic strategies of near-
infrared (NIR) emitters, great efforts have been involved in ECL
strategies with NIR QDs, as NIR emission between 650 and 900 nm
offers several advantages in actual biological analysis such as im-
proved tissue penetration, lower background interference, and
reduced photochemical damage (Cui et al., 2012; Smith et al,,
2009; Wang and Han, 2013). In this work, CdTe QDs decorated
multiwalled carbon nanotubes@reduced graphene nanoribbons
(CdTe-MWCNTs@rGONRs) with NIR ECL property were prepared
by electrostatic interactions, which showed amplified ECL in-
tensity and decreased onset potential than that of pure CdTe QDs.
And further, a solid-state ECL enzyme biosensor for cholesterol
detection in NIR range was constructed by immobilization of the
cholesterol oxidase (ChOx) and NIR CdTe-MWCNTs@rGONRs on
the electrode surface. The resulting solid-state biosensor was
successfully applied to the determination of cholesterol in biolo-
gical fluid and food sample with satisfactory recovery, which
provided a promising alternative on the design of the solid-state
NIR ECL bioassays.

2. Experimental
2.1. Materials

3-Mercaptopropionic acid (MPA) modified CdTe QDs were
prepared according to the literature (Weng et al., 2006). Tellurium
powder, CdCl; - 2.5H,0, NaBH,4, cholesterol, H,0,, isopropanol and
Triton X-100 were obtained from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). MPA and ChOx were purchased from Sig-
ma-Aldrich (USA). Phosphate buffered solution (PBS, 0.10 M) of
various pH values was prepared by mixing stock standard solu-
tions of NaH,PO4 and Na,HPO,, and adjusted the pH with 0.10 M
NaOH or H3PO,4 solution. A stock solution of cholesterol was pre-
pared by dissolving cholesterol in the mixture of isopropanol and
Triton X-100 (1:1, v/v) and the standard cholesterol solutions were
diluted with the as-prepared PBS (pH 7.0) and then stored at 4 °C.
All the reagents were used as purchased without further pur-
ification. Double-distilled water was used throughout the study.

2.2. Apparatus

Transmission electron microscopy (TEM) image was taken with
a JEOL 2100 transmission electron microscopy (JEOL, Japan) oper-
ated at 200 kV. The UV-vis absorption spectra were measured by
an UV-2450 spectrophotometer (Shimadzu, Japan) and fluores-
cence spectra were recorded on a Hitachi F-4500 fluorescence
spectrophotometer (Tokyo, Japan). Raman spectra of the samples

were obtained from a RM 2000 microscopic confocal Raman
spectrometer (Renishaw, England). X-ray photoelectron spectro-
metry (XPS) analyses were carried out on an ESCALAB MKII
X-rayphotoelectron spectrometer (V.G. Scientific. Ltd, England).
The electrochemical impedance spectroscopy (EIS) was performed
with a ZENNIUM electrochemical workstation (Zahner Instru-
ments, Germany) in 0.10M KCl solution containing 5 mM
Fe(CN)g> /4. The ECL curves were recorded by a Model MPI-A
ECL analyzer system (Xi’An Remax Electronic Science and Tech-
nology Co. Ltd., Xi’An, China). The photomultiplier tube was biased
at 800V in the ECL process. The ECL spectrum of the CdTe-
MWCNTs@rGONRs was detected by a series of high-energy optical
filters (640, 660, 680, 700, 720, 740 and 760 nm) from Omega
Optical Inc., USA. All cyclic voltammetric (CV) and ECL curves were
recorded with a conventional three-electrode system where a
glassy carbon electrode (GCE, 3 mm in diameter) was used as
working electrode, a Ag/AgCl (saturated KCl solution) as reference
electrode and platinum wire as counter electrode.

2.3. Preparation of CdTe-MWCNTs@rGONRs composites

The CdTe-MWCNTs@rGONRs composites were prepared via
electrostatic interactions between negatively charged MPA mod-
ified CdTe QDs and positively charged MWCNTs@rGONRs, which
was noncovalently functionalized with PDDA, as displayed in
Scheme 1. Firstly, the MWCNTs@GONRs were synthesized from
MW(CNTs according to our previous report (Liu et al., 2015) due to
the presence of the oxygen-containing functional groups such as -
COOH on the surface of MWCNTs@GONRs, the MWCNTs@GONRs
exhibited better stability and dispersibility in water than MWCNTs.
Then, the PDDA-MWCNTs@rGONRs was prepared via the in situ
reduction of MWCNTs@GONRs in the presence of PDDA. In details,
0.5 mL 20% PDDA containing 0.5 M NaCl was added to 100 mL
0.5 mg/mL MWCNTs@GONRs solution and stirred for 30 min; then
0.5 mL 80% hydrazine hydrate was added and stirring maintained
for 24h at 90°C. The black suspension of PDDA-
MWCNTs@rGONRs could be obtained by suction filtration and
washing with distilled water, and then re-dispersed in water for
use. Due to electrostatic repulsion, the obtained solution disper-
sion possessed good separation and stability. Finally, PDDA-
MWCNTs@rGONRs were mixed with CdTe QDs solution under
sonication for 30 min.

2.4. Fabrication of the ChOx/CdTe-MWCNTs@rGONRs modified elec-
trode and its detection mechanism towards cholesterol

Prior to modification, the GCE was first polished with sand
paper followed by 1.0, 0.3, and 0.05 um alumina slurry. After
successive sonication in ethanol and double distilled water, the
electrode was rinsed with double distilled water and allowed to
dry at room temperature.

As displayed in Scheme 1, the modified electrode was prepared
by a simple casting method as follows: initially, the pretreated GCE
was modified by dropping 6uL of 1mgmL~! CdTe-
MWCNTs@GONRs/water solution and drying (denoted as CdTe-
MWCNTs@GONRs/GCE); then the obtained electrode was coated
with 10 pL ChOx solutions (50 UmL~') to form ChOx/CdTe-
MWCNTs@GONRs/GCE. After evaporation of water, the modified
electrode was washed with 0.1 M PBS to remove the unbound
ChOx, and the resulting GCE was stored at 4 °C when not use.

The principle of the biosensor is as follows: As shown in
Scheme 1, in the absence of analyte cholesterol, only very weak
ECL signal was detected on the biosensor. After cholesterol was
added into the solutions, the ChOx immobilized on the modified
electrode could catalyze the oxidation of cholesterol to produce
H,0,, which could be used as the co-reactant for amplified the ECL
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Scheme 1. The schematic presentation for controllable preparation of NIR CdTe-MWCNTs@rGONRs for solid-state ECL cholesterol biosensor fabrication and its detection
mechanism.

signals of the biosensor (Han et al., 2007). The logarithm of cho- thus, cholesterol can be detected quantitatively on the modified
lesterol concentration increases in proportion to the ECL intensity; electrode.
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Fig. 1. (A) XPS survey scan of MWCNTs@GONRs (a) and CdTe-MWCNTs@rGONRs (b); (B) Cd 3d and Te 3d spectrum of CdTe-MWCNTs@rGONRs; (C) TEM images of CdTe-
MWCNTs@rGONRs; (D) The UV-vis absorption and fluorescence spectra of pure CdTe QDs (a, ¢) and CdTe-MWCNTs@rGONRs (b, d). Inset: the corresponding photographs of
pure CdTe QDs (left) and CdTe-MWCNTs@rGONRs (right) under a UV lamp (1.x=365 nm). (For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)
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3. Results and discussion
3.1. Characterization of the PDDA-MWCNTs@rGONRs

The UV-vis absorption spectra of MWCNTs@GONRs and PDDA-
MWCNTs@rGONRs are shown in Fig. SI1A. For the
MWCNTs@GONRs, a typical absorption peak at ~235 nm corre-
sponded to the w—mt* transition of C=C was observed (Luo et al.,
2009). For comparison, the corresponding absorption peak in the
spectrum of PDDA-MWCNTs@rGONRs was red-shift to ~255 nm,
indicating that the MWCNTs@GONRs were reduced in the reaction
process (Shin et al., 2009). The formation of defects in carbonac-
eous materials was monitored by the ratio of the intensities of D
and G bands (Ip/lg) in the Raman spectrum. The similar char-
acteristic D and G bands were obtained at MWCNTs@GONRs and
PDDA-MWCNTs@rGONRs with the Ip/Ig values of 0.81 and 0.95
(Fig. S1B), and the increased Ip/lg of PDDA-MWCNTs@rGONRs
suggested the MWCNTs@GONRs was reduced effectively by hy-
drazine hydrate in the reaction process (Yeh et al., 2014).

3.2. Characterization of the CdTe-MWCNTs@rGONRs composites

The XPS measurements were carried out to prove the forma-
tion of CdTe-MWCNTs@rGONRs. The survey analysis showed the
peaks of the elements present in the MWCNTs@GONRs and CdTe-
MWCNTs@rGONRs. The C 1s peak at 285.5eV and O 1s peak at
532.4 eV were observed in the spectrum of MWCNTs@GONRs
(Fig. 1A) (Vennerberg et al., 2014). Except for the characteristic
peaks above, the appearance of a characteristic Cd 3ds, peak at
404.8 eV and Te 3ds), peak at 572.2 eV was observed at the CdTe-
MWCNTs@rGONRs (Fig. 1B), which confirmed the existence of
cadmium and tellurium in the CdTe-MWCNTs@rGONRs and the
composite of CdTe-MWCNTs@rGONRs was formed (Zhang et al.,
2003). The morphology of the MWCNTs@GONRs and CdTe-
MWCNTs@rGONRs was investigated by TEM. The TEM image of
MWCNTs@GONRs exhibited the GONRs structures appear on the
side of nanotubes, meanwhile the central cores of nanotubes re-
mained tube-like structure (Fig. S2). For comparison, the TEM
image of CdTe-MWCNTs@rGONRs displayed in Fig. 1C showed the
CdTe QDs (dark spots) were well dispersed on the surface of
MWCNTs@rGONRs (gray basement).

Moreover, the UV-vis absorption and fluorescence spectra of
pure CdTe QDs and CdTe-MWCNTs@rGONRs are compared in
Fig. 1D. The absorption maximum at 660 nm (curve a) of the pure
CdTe QDs indicates the consequence of quantum confinement. In
the absorption spectrum of CdTe-MWCNTs@rGONRs (curve b), no
obvious change of the absorption peak was observed, indicated
that almost no CdTe QDs agglomerate was formed on the surface
of MWCNTs@rGONRs, which is consistent with the TEM observa-
tions. However, by comparing the fluorescence spectrum of CdTe-
MWCNTs@rGONRs (curve d) with pure CdTe QDs (curve c) in
Fig. 1D, a slight red-shift (5 nm) was observed. Besides, a dramatic
decrease in fluorescence intensity was found compared with that
of CdTe QDs, which indicates the partial quenching due to the
photoinduced electrons transfer from excited CdTe QDs to
MWCNTs@rGONRs (Li et al., 2011b). The corresponding photo-
graphs of CdTe QDs (left) and CdTe-MWCNTs@rGONRs (right)
under UV illumination are presented in the inset of Fig. 1D; it is
obvious that the red color of CdTe-MWCNTs@rGONRs was darker
than that of CdTe QDs. This result vividly showed that the fluor-
escence performance of CdTe QDs was partial quenched by the
MWOCNTs@rGONRs, which was consistent with the fluorescence
spectra in Fig. 1D.

3.3. Electrochemical and ECL behaviors of the CdTe-
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Fig. 2. EIS of bare GCE (a), CdTe-MWCNTs@rGONRs/GCE (b) and ChOx/CdTe-
MWCNTs@rGONRs/GCE (c) in 0.10 M KCI containing 5.0 mM Fe(CN)g>~/4~.

MWCNTs@rGONRs

Electrochemical impedance spectroscopy (EIS) is an effective
method for monitoring the changes in the surface features of the
modified electrodes in the assembly process. The semicircle dia-
meter of impedance is equal to the electron transfer resistance
(Ret), which controls the electron transfer kinetics of the redox
probe at the electrode interface. Fig. 2 illustrates the impedance
spectra of each modified stage in 0.10 M KCl containing 5.0 mM
Fe(CN)g>~/4~. Compared with bare GCE (curve a), Re; of CdTe-
MWCNTs@rGONRs/GCE (curve b) was increased, indicated that
CdTe-MWCNTs@rGONRs was successful immobilized on the GCE.
After the ChOx was coated onto the electrode, R., was further
increased (curve c) due to the non-conductive ChOx obstructed
electron transfer (Zhang et al., 2014b; Zhang et al., 2014a), which
was the direct evidence of successful modification of ChOx on the
electrode surface.

The electrochemical behaviors of the bare GCE, CdTe QDs/GCE
and CdTe-MWCNTs@rGONRs/GCE were investigated in the po-
tential range scanned from 0 to — 1.7 V in 0.10 M N,-saturated PBS
(pH 9.0). As shown in Fig. S3, no obvious redox current was found
at bare GCE (curve a), and a pair of redox peaks at ca. —0.82 and
—11V at CdTe/GCE (curve b) and CdTe-MWCNTs@rGONRs/GCE
(curve c) were observed, which were ascribed to the oxidation and
reduction of CdTe QDs (Amelia et al., 2012). Furthermore, the re-
dox peak current at CdTe-MWCNTs@rGONRs was much larger
than that of CdTe/GCE, indicating that the MWCNTs@rGONRs in
the CdTe-MWCNTs@rGONRs composites could facilitate the elec-
trochemical redox process of CdTe QDs (Li et al.,, 2011b). When
50.0 pM H,0, was added into the solution, the redox peak cur-
rents at both CdTe QDs and CdTe-MWCNTs@rGONRs film in-
creased (Fig. 3A), which was due to the electrocatalytic reaction
between CdTe QDs and H,0, (Wang et al., 2009; Wang et al.,
2010).

During the ECL experiments, the ECL curves of bare GCE (a),
CdTe QDs/GCE (b) and CdTe-MWCNTs@rGONRs/GCE (c) were
studied in 0.10 M PBS (pH 9.0) with the co-reactant of 50.0 pM
H,0,. As shown in Fig. 3B, no light emission was detected from
bare GCE; under the same condition, light emission was occurred
from CdTe QDs/GCE (b) and CdTe-MWCNTs@rGONRs/GCE (c), in-
dicated that the ECL peak was produced by the catalytic reaction
between CdTe QDs and H,0,, and the ECL mechanism of the cat-
alytic reaction is as follows (Ding et al., 2006; Ding et al., 2012):

CdTe QD+e~ —CdTe QD"

CdTe QD" +H,0,—CdTe QD +OH~

CdTe QD — CdTe QD+hv

In addition, the ECL intensity of CdTe-MWCNTs@rGONRs film
was increased ~4.5 times over that of CdTe QDs, and the ECL onset
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Fig. 3. (A) CV and (B) ECL-potential curves of bare GCE (a), CdTe QDs/GCE (b) and CdTe-MWCNTs@rGONRs/GCE (c) in 0.10 M PBS (pH 9.0) with 50.0 uM H;0,. Inset: ECL

spectrum of CdTe-MWCNTs@rGONRs.

potential of CdTe-MWCNTs@rGONRs modified electrode was po-
sitively shifted for ~100 mV than that of CdTe QDs. This fact
suggested that the MWCNTs@rGONRs in the CdTe-
MWCNTs@rGONRs could enhance the ECL intensity of CdTe QDs
and decrease the ECL onset potential effectively.

The ECL spectrum of the CdTe-MWCNTs@rGONRs film was also
investigated in 0.10 M PBS (pH 9.0) with the co-reactant H,0,. As
displayed in Fig. 3B inset, the ECL spectrum of CdTe-
MWCNTs@rGONRs film demonstrated a maximum wavelength
around 711 nm, which was almost identical to that in the fluor-

strong ECL signals were certainly located in NIR range and resulted
from the original CdTe QDs (Li et al., 2013).

3.4. ECL behavior of ChOx/CdTe-MWCNTs@rGONRs/GCE

On the basis of the above good ECL properties of the as-pre-
pared CdTe-MWCNTs@rGONRs film, a NIR ChOx biosensor was
further constructed for the indirect quantification of cholesterol by
the determination of the H,O, product obtained from cholesterol
oxidation. As expected, the addition of cholesterol resulted in a

escence spectrum of CdTe QDs. The fact demonstrated that the significant increase in the ECL intensity of ChOx/CdTe-
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Fig. 4. (A) ECL responses of ChOx/CdTe-MWCNTs@rGONRs/GCE in 0.10 M PBS (pH 9.0) in the absence (a) and presence (b) of 10.0 uM cholesterol; (B) ECL emission from
ChOx/CdTe-MWCNTs@rGONRs/GCE in 0.10 M PBS (pH 9.0) containing 10.0 pM cholesterol under continuous cyclic scans from 0 to —1.7 V for 16 cycles; (C) ECL responses of
ChOx/CdTe-MWCNTs@rGONRs/GCE in 0.10 M PBS (pH 9.0) in the presence of 0 (a), 0.001 (b), 0.005 (c), 0.01 (d), 0.05 (e), 0.1 (f), 0.5 (g), and 1.0 mM (h) cholesterol; (D) the
calibration curve for cholesterol detection.



226 J. Huan et al. / Biosensors and Bioelectronics 73 (2015) 221-227

Table 1
Comparison of the analytical properties of different cholesterol assays.

Materials Method Linear range (pM) Detection limit (pM) References
ChOx-CS?/Hb"-CS Chronoamperometry 10-600 9.5 Zhao et al. (2008)
(PDDA-[MWCNTs-ChOx]s) cv 200-1000 30 Manjunatha et al. (2011)
[PSS¢/PEIY/COX],, cv 50-1000 Not given Ram et al. (2001)
ChOx/L-cys-rGO® composites ECL 3.3-1000 11 Zhang et al. (2012)
CdSeTe/ZnS core-shell QD-chitosan-ChOx ECL 250-5000 Not given Stewart et al. (2015)
ChOx/poly(luminol-biotinylated pyrrole) ECL 15-800 14.7 Ballesta-Clavera et al. (2012)
ChOx/CdTe-MWCNTs@rGONRs ECL 1-1000 0.3 This work

2 CS, chitosan.

b Hb, hemoglobin.

€ PSS, poly(styrene sulfonate).

4 PEI, poly(ethylene imine).

€ 1-cys-rGO 1-cysteine-reduced graphene oxide.

MWCNTs@rGONRs/GCE (Fig. 4A), which was due to that the cho-
lesterol could be catalyzed by the immobilized ChOx to produce
H,0,. This result indicated that the NIR ECL platform could be used
for cholesterol monitoring effectively.

Fig. 4B displayed the ECL behavior of ChOx/CdTe-
MWOCNTs@rGONRs/GCE in 0.10 M PBS (pH 9.0) containing 10.0 pM
cholesterol under continuous cyclic scans from 0 to —1.7 V for 16
cycles. No obvious change was observed when the ECL response
was repeated under continuous cyclic scans, suggested that the
current ECL detection method showed good stability for the cho-
lesterol determination, which was beneficial for the construction
of the ECL biosensor.

3.5. Effect of solution pH value on the ECL intensity of the biosensor

In order to achieve the optimal ECL response for cholesterol
determination, the effect of solution pH value from 6.0 to 11.0 on
the performance of ECL biosensor was investigated. As can be seen
from Fig. S4, the ECL intensity increased with increasing pH and
the greatest ECL intensity was obtained at pH 9.0. Thus, pH 9.0 was
selected as the detection solution in this experiment.

3.6. Cholesterol detection based on the NIR ECL biosensor

Under the optimal experimental condition, the fabricated NIR
ECL biosensor was evaluated by detecting standard cholesterol
solutions with the purpose of quantitative analysis of cholesterol.
As shown in Fig. 4C, the ECL intensity increased accordingly with
the increasing of cholesterol concentration. The ECL signal
(Fig. 4D) showed a linear range from 1 pM to 1 mM with a low
detection limit of 0.33 pM (S/N=3), and the corresponding cali-
bration equation was Igc =2746.9+796.5x with a correlation
coefficient R2=0.994. Furthermore, the performance of the pro-
posed ECL biosensor was compared with those cholesterol assays
reported in the literatures in Table 1. It could be observed that the
proposed biosensor had a comparative or relative wide linear
range and low detection limit, which might be attributed to the
effectively amplified ECL using in situ generated H,0, as the co-
reactant for CdTe QDs wunder the amplification of
MWCNTs@rGONRs.

3.7. Selectivity, reproducibility, stability of the biosensor

Selectivity, reproducibility and stability are important factors
for evaluating the performance of the biosensor. To confirm the
selectivity of the proposed ChOx biosensor, some molecules (do-
pamine, uric acid, ascorbic acid and glucose) and inorganic ions
(Na*, K+, Mg?*, Ca®*, S042~, PO,>~, and Cl~) that co-exist with
cholesterol in food samples were used as the sources of inter-
ferences. As shown in Fig. S5, the ECL signals change to successive

additions of 50.0 pM of these substances were not noticeable for
the detection of 10.0 pM cholesterol. It suggests that the selectivity
of the biosensor was acceptable. The reproducibility of the ana-
lytical responses was obtained from different electrodes con-
structed by the same procedure with a relative standard deviation
(RSD) of 7.8%. While 5 measurements for a single electrode were
made upon the addition of 10.0 pM cholesterol in 0.10 M PBS (pH
9.0) with RSD of 4.9%, demonstrating excellent reproducibility of
the biosensor. The stability of the biosensor was also determined
by measuring change in the ECL response at regular interval of
3 days for 3 weeks. The ECL response decreased to 91.6% after
1 week and 81.3% after 3 weeks. These results indicated that the
proposed biosensor had good selectivity, reproducibility and
stability.

3.8. Real sample analysis

In order to check the applicability and feasibility of this sensor,
it was applied to determinate of cholesterol in commercial milk
and human serum samples. The milk and human serum samples
were pretreated according to the previous reports (Daneshfar
et al., 2009; Ruecha et al., 2014), and then the standard addition
experiments were performed to evaluate the practical applicability
of the proposed method. The cholesterol content of the milk
samples and diluted human serum samples is listed in Table S1. It
was found that the recoveries of the spiked milk samples and
human serum samples were between 93.4% and 104.9% with the
RSD less than 6.0%, verifying that this sensing system is reliable for
detection of cholesterol in real samples.

4. Conclusions

The NIR CdTe-MWCNTs@rGONRs was prepared by electrostatic
interactions, which exhibited the amplified ECL intensity and de-
creased ECL onset potential than that of pure CdTe QDs. Based on
the immobilization of NIR CdTe-MWCNTs@rGONRs and ChOx on
the electrode surface, a solid-state ECL cholesterol biosensor was
constructed, which showed good performance for cholesterol de-
tection in the advantages of good reproducibility, selectivity, ac-
ceptable linear range and relative low detection limit. The pro-
posed solid-state ECL biosensor opened a new way for designing a
novel NIR ECL reagent with practical applications in clinical diag-
nosis and biotechnology.
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