
DOI: 10.1002/chem.201001738

Formation of Surface Traps on Quantum Dots by Bidentate Chelation and
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Introduction

Electrochemiluminescence (ECL) is a fascinating phenom-
enon, due to its promising application in many fields.[1,2] A
number of new ECL-emitting species with high ECL effi-
ciency have gradually been synthesized[3,4] and used to label
biomolecules for fundamental study and for analytical appli-
cations.[2] The majority of ECL-emitting species employed in
bioanalysis are derived from [RuACHTUNGTRENNUNG(bpy)3]

2+ .[5–7] Recently,
quantum dots (QDs) have attracted considerable interest in
ECL analysis,[8–10] since the ECL behavior of Si QDs in or-
ganic solvent was reported.[11] Compared with Ru com-
pounds, the ECL of QDs possesses many advantages, such
as neutral detection conditions and the easy realizability in

both cathodic and anodic processes with diverse co-reac-
tants,[12–14] leading to multifarious biosensing strategies. The
first QD-ECL biosensor for glucose was based on the catho-
dic ECL quenching by an enzymatic reaction to transform
an efficient co-reactant into another less effecicient co-reac-
tant.[15] A signal on a CdS QD-ECL biosensor for choline
and acetylcholine was then probed by ECL response with
the co-reactant formed from bi-enzymatic cycles.[8] In addi-
tion, anodic ECL bioanalysis methodologies have also been
developed for the detection of dopamine and tyrosine with
high sensitivity.[10,14] However, most of the reported QD-
based ECL systems need a relatively high applied potential,
which is unfavorable to elimination of undesirable reac-
tions[16] and has slowed the development of QD-based ECL
biosensing technology. Thus, the current research challenge
is to develop new QD-ECL biosensors with the low applied
potential and highly efficient ECL emission.

Great efforts have focused on reducing the ECL applied
potential of QDs, such as using carbon nanotubes to acceler-
ate the electron transfer between QDs and the electrode,[8]

employing different materials as working electrode[10] and
changing the components of detection solution.[17] However,
the achieved progress is rather limited. To further decrease
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the ECL emission potential, starting from the fundamentals
of the ECL process is more effective. Different from photo-
luminescent (PL) emission,[18–22] which is dominated by exci-
tation within the core of QDs, the ECL emission is charac-
teristic of surface energy levels, because the electron trans-
fer occurs at the surface of the QDs.[2,23] The surface states
generally have a much narrower band gap than the
core.[11,23] Thus a common feature of ECL behavior obtained
from surface traps of unpassivated QDs is the considerable
red-shifted ECL by hundreds of nanometers with respect to
their PL.[11] Meanwhile, the reduction potential of the QDs
shifts to a more positive value with the decreasing band
gap.[24] This leads to an approach to obtain a low ECL emis-
sion potential in an aqueous system by designing unpassivat-
ed surfaces of water-soluble QDs.

The surface/volume ratio is an important factor for sur-
face passivation.[23] The above-mentioned QDs are slightly
larger than 2.5 nm and have relatively small surface/volume
ratio, which leads to better passivation of a QD surface. In
this work we report for the first time on the design of unpas-
sivated QD surfaces by using a short chain dithiol com-
pound, meso-2,3-dimercaptosuccinic acid (DMSA), as stabil-
izer and a Te electrode as Te source.[25] The rigid structure
and steric hindrance of DMSA molecule inhibited the
growth of crystals and their linkage to the QD surface led to
an unpassivated surface with low-potential ECL emission.
The co-reactant of the ECL emission was produced from
the reduction of dissolved oxygen, which avoided the pres-
ence of a strong oxidant. By co-immobilizing QDs and
horseradish peroxidase (HRP) on a glassy carbon electrode
(GCE), an ECL biosensor for hydroquinone (HQ) was con-
structed. This work provides a new strategy for designing
ECL emitters with excellent analytical performance and ex-
tended the application of QDs in bioanalysis.

Results and Discussion

Characterization of DMSA–CdTe QDs : The formation of
DMSA–CdTe QDs was confirmed by the FT-IR spectra.
The QD powder acquired by centrifugation of a solution of
the QDs was used in this experiment. Comparing with
DMSA (Figure 1, curve a), the FT-IR spectrum of DMSA–
CdTe QDs (Figure 1, curve b) did not show the stretch vi-
bration peaks of S�H bond at 2566.3 and 2533.4 cm�1, indi-
cating the formation of S�Cd bonds between DMSA and
CdTe core. In addition, the asymmetric vibration peak of
carboxyl group also shifted from 1693.6 (curve a) to
1614.2 cm�1 (curve b), which could be attributed to the
transformation of the �COOH group in DMSA to its anion
during the synthesis of the QDs. These results confirmed
that the two S�H groups of DMSA molecule were bound to
Cd2+ to form bidentate chelate QDs with a stable struc-
ture.[26]

The X-ray photoelectron spectroscopic (XPS) data
showed a molar Cd/Te/S ratio of 116.9:1:85.44 on the surface
of the as-prepared QDs, indicating an extremely low Te con-

tent on the QD surface. The Cd and DMSA were stable
against O2, resulting in a stable QD structure.[27]

Figure 2 shows the UV/Vis spectrum of DMSA–CdTe
QDs. An absorption inflection point at 465 nm is defined as
peak value to produce a diameter of 1.1 nm calculated ac-

cording to Peng�s empirical equation,[28] indicating an ultra-
small particle size compared to the QD particles reported
previously.[8,9,29, 30] This result is consistent with the observa-
tion from the high-resolution transmission electron micro-
scopic (HRTEM) image, in which a uniform size distribution
of about 1.5 nm in diameter is observed (inset in Figure 2).
For nanoparticles, small size means large surface/volume
ratio, which is beneficial in order to obtain unpassivated sur-
faces. In addition, the inconspicuous extinction absorption
peak of the QDs can be attributed to the surface traps on
the QD particles, which is similar to the phenomenon ob-
served previously.[31]

The PL spectrum of the as-prepared QDs also confirmed
the existence of surface traps. Different from the monothiol-
stabilized CdTe QDs,[10,25] the PL spectrum of DMSA–CdTe
QDs showed two PL peaks at 462 and 616 nm (Figure 3,

Figure 1. FT-IR spectra of DMSA (curve a) and DMSA–CdTe QDs
powder (curve b).

Figure 2. UV/Vis spectrum and HRTEM image (inset) of the DMSA–
CdTe QDs.
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solid curve), respectively. The peak position of 462 nm with
weaker emission was coincident with the first absorption
range of UV/Vis spectrum, indicating that the PL emission
came from the core.[31] The wavelength difference between
the main PL emission peak at 616 nm and the first absorp-
tion peak was 151 nm, which was much greater than those
of general surface-passivated CdTe QDs,[10,25] indicating the
PL peak at 616 nm was due to the surface trap emission of
surface-unpassivated QDs.[11,31] The PL emission intensities
at both 616 and 462 nm were relatively low, which was also
attributed to the unpassivated surface.[23] The trap emission
provided a possibility to obtain a low ECL emission poten-
tial.

Element analysis of the QDs samples : Monothiol-stabilized
mercaptopropionic acid (MPA)–CdTe QDs were selected as
surface passivated QDs for comparison; these QDs were
prepared with the same procedure and showed a size of
3.4 nm (calculated from Peng�s empirical equation[28]). The
smaller size of DMSA–CdTe QDs than MPA–CdTe QDs
could be attributed to the stronger binding of DMSA to the
CdTe surface, which inhibited the growth of crystal. Before
elemental analysis, the resulting solutions of QDs were first-
ly centrifuged, and the precipitates were washed twice by
using 1:1 (v/v) mixture of deionized water and isopropyl al-
cohol to remove the excess stabilizers. The precipitates were
then thoroughly dried and the elemental analysis detection
was carried out.

From the carbon compositions of 2.35 and 8.67 % and the
ratios of C to S in the two kinds of QDs, the sulfur composi-
tions in DMSA–CdTe QDs and MPA–CdTe QDs were cal-
culated to be 3.13 and 7.71 %, respectively. Considering the
2.27 times larger surface/volume ratio (calculated from the
diameters of QD particles) and 2.46 times smaller sulfur
composition of DMSA–CdTe QDs than the surface-passivat-
ed MPA-CdTe QDs, the ratio of coverages of DMSA to
MPA on the QD particle surface was determined to be
1:11.17. Thus DMSA–CdTe QDs should have a larger
amount of surface traps, even if the tellurium surface sites
could be more easily passivated by a surrounding compo-
nent.[32] The surface traps result for three reasons. Firstly,
the large surface/volume ratio is detrimental for surface pas-

sivation.[23] Secondly, the steric hindrance of the DMSA
molecule is larger than that of MPA molecule owing to the
two cis-carboxyl groups, which resisted the linkage of stabil-
izer DMSA to the QD surface. Thirdly, the large surface
curvature resulting from the small particle size makes the ar-
rangement of dithiol stabilizer on the surface more difficult,
thus producing an unpassivated surface.

ECL and electrochemical behaviors of the surface unpassi-
vated QDs : After the surface-unpassivated QDs were im-
mobilized on a glassy carbon electrode (GCE) and covered
with chitosan, the cathodic scan from 0 to �0.90 V in air-sa-
turated pH 7.0 Tris-HCl buffer (detection solution) pro-
duced an ECL emission with a peak potential of around
�0.85 V and an onset of �0.59 V (vs. Ag/AgCl; Figure 4,

curve a). This cathodic emission potential was the most posi-
tive potential compared to those reported previously for
cathodic ECL of QDs by using saturated Ag/AgCl[8–9,15] or
calomel[12] as reference electrodes, except one observed for
an aqueous solution of CdTe QDs.[25] In addtion, the ECL
emission intensity was acceptable when compared with the
traditional QD-ECL systems.[8,12] This intensive ECL emis-
sion relied on the concentration of dissolved O2, and de-
creased by a large degree in an air-free detection solution
(Figure 4, curve b). Moreover, the ECL spectrum showed a
peak at 623 nm (Figure 3, dashed line), which was consistent
with the surface trap emission peak of PL spectrum at
616 nm. Thus, the ECL emission should originate from the
surface traps, not from band gap of the core. Also, this phe-
nomenon could be attributed to the much narrower band
gap of unpassivated surface states than the core.[11,23]

In an air-saturated detection solution, both the chitosan-
(inset in Figure 4, curve a) and QD/chitosan-modified (inset
in Figure 4, curve b) GCEs showed a reduction peak at
�0.64 V with the same peak current, while this peak disap-
peared after degassed (inset in Figure 4, curve c). Thus this
peak could be attributed to the reduction of dissolved O2.
Furthermore, dissolved O2 could maintain good penetration

Figure 3. PL (solid line, lex : 400 nm) and ECL (dashed line, at �0.85 V)
spectra of the DMSA–CdTe QDs.

Figure 4. Cyclic ECL curves of GCE/QDs/chitosan in a) air-saturated and
b) air-free detection solutions. Inset: Cyclic voltammetry curves of a) chi-
tosan-modified GCE and b) GCE/QDs/chitosan in air-saturated detec-
tion solution and c) GCE/QDs/chitosan in air-free detection solution.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 10764 – 1077010766

H.-X. Ju et al.

www.chemeurj.org


ability in both chitosan and QD/chitosan film. At such a po-
tential, O2 could be reduced to produce H2O2,

[33] which has
been extensively used as a co-reactant of cathodic ECL of
QDs.[8,9] With the further cathodic scan the cathodic curves
of GCE/QDs/chitosan in both air-saturated and air-free de-
tection solutions showed an increasing current, which was
different from the chitosan-modified GCE due to the reduc-
tion of QDs (inset in Figure 4). The reduction potential cor-
responded to the ECL emission potential of the surface-un-
passivated QDs, and was much more positive than those re-
ported previously for reduction of QDs, indicating the re-
duction of surface traps.

Upon addition of 1 mm H2O2 in air-free detection solu-
tion, the GCE/QDs/chitosan showed a strong ECL emission.
After H2O2 was added in air-saturated detection solution,
the ECL emission was also increased. Thus the co-reactant
of this ECL emission process was H2O2, which was produced
from the dissolved O2 reduction at �0.64 V and reacted with
the electron injected QDs, providing an ECL system much
milder for bioanalysis without the presence of strong oxi-
dants as co-reactant. The ECL process could be expressed
as follows [Eqs. (1)–(3)].

CdTe=DMSAþ e� ! CdTe=DMSAC� ð1Þ

O2 þ 2e� þ 2 H2O! H2O2 þ 2 OH� ð2Þ

2 CdTe=DMSAC� þH2O2 ! 2 OH� þ 2 CdTe=DMSA* ð3Þ

Simultaneously, trace O2 remained at unreduced state in
the QD film might directly react with CdTe/DMSAC� to pro-
duce CdTe/DMSA* [Eq. (4)]; the produced CdTe/DMSA*
would then gave out light emission [Eq. (5)]

2 CdTe=DMSAC� þO2 þ 2 Hþ ! 2 CdTe=DMSA* þH2O2

ð4Þ

CdTe=DMSA* ! CdTe=DMSAþ hv ð5Þ

Quenching effect of ECL emission on the GCE/QDs/HRP–
chitosan biosensor : As H2O2 is a substrate of multifarious
enzymatic reactions based on peroxidases, through immobi-
lization of different peroxidases on the QD/GCE system
and the combination of H2O2-related enzymatic reactions,
plenty of biosensors for peroxidase-related analytes could
be developed. To verify the application of the surface-unpas-
sivated QDs in biosensing, we used HRP as a model
enzyme and HQ as its substrate to construct a new reagent-
less phenolic ECL biosensor. After HRP was assembled on
the QD/GCE surface, the cathodic scan in air-saturated de-
tection solution in presence of HQ would produce an enzy-
matic reaction as expressed in Equation (6). Consequential-
ly, the consumption of co-reactant H2O2 for HQ oxidation
could weaken the process expressed in Equations (3) and
(4), causing the decrease of ECL intensity (Figure 5 A).

HQ þ H2O2 ! Quinone þ H2O ð6Þ

The applied potential of GCE/QDs/HRP–chitosan was
between 0 and �1.0 V, while the narrowest potential range
applied for ECL biosensing of QDs reported previously
were generally wider than 0 to �1.35 V.[8–9,12,15, 34] The ECL
peak potential of the biosensor was at �0.95 V, which was
100 mV more negative than that of GCE/QDs/chitosan. This
was due to the larger impedance of GCE/QDs/HRP–chito-
san than GCE/QDs/chitosan (Figure 5 B).

In the air-saturated detection solution, HQ showed a
quenching effect on the ECL emission of GCE/QDs/HRP–
chitosan. Further, from the results shown in Figure 6, HQ

did not show any absorption in the studied wavelength
range (curve a), and its oxidation state (i.e., as quinone) in
presence of HRP and H2O2, showed an absorption peak at
422 nm (curve b), while the ECL peak of the DMSA–CdTe
QDs occurred at 623 nm (curve c), consistent with the PL
spectrum. Thus, HQ itself and quinone could not be the ac-
ceptor of energy from the excited state of the DMSA–CdTe
QDs, and the energy transfer from the excited state of the
DMSA–CdTe QDs to HQ and quinone could be excluded.
In addition, the amount of quinone at the electrode surface
was extremely small at �0.95 V, and did not affect the ECL
quenching. Alternatively, the ECL quenching should result

Figure 5. A) Cyclic ECL curves of GCE/QDs/HRP–chitosan in air-satu-
rated detection solution containing a) 0 and b) 5 mm HQ. B) Nyquist dia-
grams of electrochemical impedance spectra of a) bare GCE, b) GCE/
QDs/chitosan, and c) GCE/QDs/HRP–chitosan in 0.1 m KCl containing
5 mm [Fe(CN)6]

3� and 5 mm [Fe(CN)6]
4�.

Figure 6. UV/Vis spectra of a) HQ and b) quinone and c) ECL spectrum
of GCE/QDs/chitosan in air-saturated detection solution.
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from the consumption of H2O2 at the surface of the biosen-
sor as shown in Figure 7.

HQ detection : Upon addition of HQ in an air-saturated de-
tection solution, the ECL emission of GCE/QDs/HRP–chi-
tosan decreased greatly, and a linear calibration plot of I0/I
value versus HQ concentration could thus be obtained in
the concentration range of 0.2 to 10 mm, for which I0 and I
are the maximum ECL intensities in absence and presence
of HQ at the respective concentration, respectively. The
linear regression equation was I0/I=1.03+ 0.708 [HQ] (con-
centration in mm ; R=0.998, n= 12). The detection limit at a
signal-to-noise ratio of 3 was 24.7 nm. The detection range
was acceptable when compared with the proposed electro-
chemical and PL sensors,[35,36] especially better than these
electrochemical sensors based on the catalysis of HRP.[37–39]

The quenching efficiencies of several phenolic compounds
to the ECL emission of GCE/QDs/HRP–chitosan were
listed in Table 1. HQ showed the largest quenching efficien-
cy, and only HQ showed a linear response, which was attrib-
uted to a variety of enzymatic reactions as reported in previ-
ous report.[40]

Interference investigation : To evaluate the selectivity of the
present biosensing system, the effects of nine common com-
pounds as foreign species on HQ detection with this ECL
biosensor were examined. 10 mm of potassium chloride, po-

tassium nitrate, sodium fluoride, zinc acetate, potassium
iodide, ferrous sulphate, ascorbic acid (AA), uric acid (UA)
and potassium perchlorate were individually added into the
air-saturated detection solution containing 5 mm HQ. As
shown in Figure 8, most of the compounds had no interfer-
ing effect on HQ detection except Zn(Ac)2 and AA, which
slightly decreased the ECL intensity by 11.7 and 12.8 % of
the original intensity, respectively, indicating acceptable se-
lectivity of this biosensor.

Stability, precision, and reproducibility of the biosensor : Ten
measurements of ECL emission upon continuous cyclic
scans of GCE/QDs/chitosan (Figure 9 A) and the GCE/
QDs/HRP–chitosan biosensor (Figure 9 B) in an air-saturat-
ed detection solution showed coincident signals with relative
standard deviations (RSDs) of 1.1 and 1.4 %, respectively,

Figure 7. Cathodic ECL mechanism of GCE/QDs/chitosan and biosens-
ing mechanism of the biosensor for HQ. a) Electron injection to surface
trap of QDs, b) ECL emission from excited QDs*, and c) chemical band-
ing structure of QDs. The quenching results from the consumption of
H2O2 formed during the cathodic scan.

Table 1. Responses of 5 mm of multifarious phenolic compounds on
GCE/QDs/HRP–chitosan in an air-saturated pH 7.0 Tris-HCl buffer solu-
tion.

HQ Phenol Catechol Resorcinol m-Cresol p-Cresol

response
(normalized)

1 0.57 0.33 0.35 0.30 0.18

Figure 8. Normalized ECL intensities of the ECL biosensor in the air-sa-
turated detection solution containing 5 mm of HQ with 10 mm of the indi-
vidual interference agent.

Figure 9. Continuous cyclic scans of A) GCE/QDs/chitosan and B) GCE/
QDs/HRP–chitosan in an air-saturated detection solution.
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indicating the reliability and stability of the signals. The
RSD of five parallel measurements (intraassay) at 5 mm HQ
with one biosensor was 4.3 %, indicating a good precision.
The ECL detection in presence of 5 mm HQ with five bio-
sensors fabricated independently (interassay) showed the
RSD of 3.4 %, giving an acceptable fabrication reproducibil-
ity of the biosensor. When not in use, the biosensor was
stored in 0.01 m pH 7.0 Tris-HCl buffer solution at 4 8C.
After the biosensor was stored for 15 days, the ECL re-
sponse for detection of 5 mm HQ did not show any evident
decline when used once every five days, indicating accept-ACHTUNGTRENNUNGable storage stability.

Conclusion

In this work we report on the synthesis of short-chain dithiol
chelate CdTe QDs for forming surface traps, which success-
fully achieved the target to lower the band gap and the ECL
emission potential of the QDs. The surface PL emission oc-
curred at the same wavelength as the ECL emission. H2O2

formed from the reduction of dissolved oxygen was demon-
strated to be a co-reactant of the cathodic ECL process,
which avoided the presence of strong oxidants and made the
ECL system much milder for bioanalysis. By co-immobiliz-
ing the as-prepared DMSA–CdTe QDs and HRP on a
glassy carbon electrode, a new reagentless ECL biosensor
for HQ, based on its quenching effect to the ECL emission,
was obtained. The ECL quenching was due to the consump-
tion of H2O2 in the enzymatic cycle. The biosensor showed
an excellent performance. This work opens new avenues to
the design of ECL emitters with low applied potential, dem-
onstrated the extensive practicality of the surface-unpassi-
vated QDs in ECL biosensing, and would be favorable to
bioanalysis for a wide range of analytes.

Experimental Section

Materials and reagents : Cadmium chloride (CdCl2·2.5 H2O), DMSA, and
HQ were purchased from Alfa Aesar China Ltd (China). HRP (EC
1.11.1.7, 250 U mg�1 solid), chitosan (from crab shells), Tris-base (reagent
grade) and MPA were purchased from Sigma Chemical Co. (MO, USA).
Tellurium rod (4 mm in diameter) used as the Te electrode was purchased
from Leshan Kayada Photoelectricity Co. (China). Other reagents were
of analytical grade and used as received. 0.1 m pH 7.0 Tris-HCl buffer
containing 0.1 m KNO3 was used throughout the ECL detection and was
defined as the detection solution. The air-free solution was obtained by
bubbling highly pure N2 to air-saturated detection solution for 20 min.
Deionized water was used as the solvent throughout the work.

Apparatus : The electrochemical and ECL measurements were carried
out on an MPI-E multifunctional electrochemical and chemiluminescent
analytical system (Xi’an, China) at room temperature with a configura-
tion that consisted of glassy carbon electrode (5 mm in diameter, China)
as a working electrode, a platinum counter electrode and a Ag/AgCl (sa-
turated KCl solution) reference electrode. The scan rate of the cathodic
potential was 0.1 Vs�1. The emission window was placed in front of the
photomultiplier tube biased at �600 V (for GCE/QDs/chitosan) or
�800 V (for phenolic biosensor). The ECL spectrum was obtained by
collecting the ECL data at �0.85 V during cyclic potential sweep with 11

filters (2 mm thickness) with transparent efficiency of around 88% at
650, 630, 600, 580, 550, 535, 510, 490, 470, 450, and 420 nm. PL and UV/
Vis absorption spectra of the resulting solution of QDs were recorded on
a RF-5301 PC fluorometer (Shimadzu Co., Japan) and a Shimadzu UV-
3600 UV/Vis/NIR photospectrometer (Shimadzu Co., Japan), respective-
ly. FT-IR spectra were recorded on Nicolet 400 FT-IR spectrometer
(Madison, WI). The topography observation of QDs was carried out on a
high-resolution transmission electron microscope (JEM-2100, JEOL).
The impedance measurements were carried out on a PGSTAT30/FRA2
system (Autolab, Netherlands). The elemental analysis of DMSA–CdTe
QDs and MPA–CdTe QDs were carried out on Elementar Vario MICRO
(Germany). XPS experiments were performed on a K-Alpha X-ray pho-
toelectron spectrometer (Thermo Fisher Scientific Co., USA) by using
thoroughly dried QD powder, obtained by centrifugation of a solution of
QDs and washed by 1:1 (v/v) mixture of deionized water and isopropyl
alcohol, was used for the XPS experiment.

Preparation of DMSA–CdTe and MPA–CdTe QDs : The synthesis of
DMSA–CdTe QDs was performed by using a “green method” with an
electrogenerated precursor, which showed acceptable reproducibility.
Briefly, an electrogenerated Te precursor for one-pot synthesis was pro-
duced on a CHI 660B workstation (Austin, TX) by using a Te electrode
as a working electrode at �1.0 V (vs. Ag/AgCl) in the electrolyte con-
taining 0.6 mm Cd2+ and 1.6 mm DMSA as stabilizer under an N2 atmos-
phere. The final quantity of electricity was 0.5 coulombs. After electroly-
sis, the solution was heated to reflux at 80 8C for 20 h to get the QD
product. The final solution of QDs was stable for more than 2 months
when kept in a refrigerator at 4 8C. The Te electrode could be recycled by
polishing on a 1200 grit sand paper (Shanghai, China). The synthesis of
the MPA–CdTe QDs performed under the same conditions, and the sta-
bilizer was used in a large excess.

Construction of GCE/QDs/chitosan and GCE/QDs/HRP–chitosan ECL
biosensor : The GCE was polished successively with 0.3 and 0.05 mm alu-
mina slurry (Beuhler), followed by rinsing thoroughly with deionized
water. After successive sonication, the electrode was rinsed with deion-
ized water and allowed to dry with a N2 stream. Then, the as-prepared
solution of QDs (300 mL) was mixed with of isopropyl alcohol (300 mL)
and centrifuged at 6000 rmp min�1 for 3 min. The precipitate was washed
twice by using 1:1 (v/v) mixture of deionized water and isopropyl alcohol,
and then dissolved in deionized water (20 mL); the resulting solution was
added dropwise to the polished GCE. After being dried in air, chitosan
(0.1 %; 10 mL) or a mixture of HRP (10 mL of 3 U mL�1) and chitosan
(0.5 %; 10 mL) was covered over the QD film to obtain a stable GCE/
QDs/chitosan or ECL biosensor (GCE/QDs/HRP–chitosan). The latter
was dried at 4 8C and stored in 0.01 m pH 7.0 Tris-HCl buffer solution at
4 8C when not in use. The GCE/QDs/chitosan maintained similar ECL
peak shape and ECL emission intensity after exposed to air for one
month.
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