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The  near-infrared  QDs  are  synthe-
sized  in  an  aqueous  solution.
QDs-based  biosensor  exhibits
visible-light  induced  cathodic
photocurrent.
The  oxygen  dependency  of  the pho-
tocurrent  is verified.
A  photoelectrochemical  strategy  is
established  by  coupling  with  enzy-
matic  reaction.
Photoelectrochemical  sensor  shows
high  upper  detection  limit,  accept-
able  stability  and  accuracy.
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a  b  s  t  r  a  c  t

A  visible  light  induced  photoelectrochemical  biosensing  platform  based  on  oxygen-sensitive  near-
infrared  quantum  dots  (NIR  QDs)  was  developed  for  detection  of  glucose.  The  NIR  QDs  were  synthesized  in
an aqueous  solution,  and  characterized  with  scanning  electron  microscopy  and X-ray  photoelectron  spec-
troscopy.  The  as-prepared  NIR QDs  were  employed  to construct  oxygen-sensitive  photoelectrochemical
biosensor  on  a fluorine-doped  tin oxide  (FTO)  electrode.  The  oxygen  dependency  of  the  photocurrent  was
investigated  at as-prepared  electrode,  which  demonstrated  the  signal  of  photocurrent  is suppressed  with
the  decreasing  of  oxygen.  Coupling  with  the  consumption  of  oxygen  during  enzymatic  reaction,  a pho-
toelectrochemical  strategy  was  proposed  for  the  detection  of  substrate.  Using  glucose  oxidase  (GOx)  as a
iosensing
nzyme
lucose

model enzyme,  that is, GOx  was  covalently  attached  to  the  surface  of CdTe  QDs,  the  resulting  biosensor
showed  the  sensitive  response  to  glucose.  Under  the  irradiation  of  visible  light  of  a wavelength  at 505  nm,
the proposed  photoelectrochemical  method  could  detect  glucose  ranging  from  0.1  mM  to  11  mM  with  a
detection  limit  of 0.04  mM.  The  photoelectrochemical  biosensor  showed  a good  performance  with  high
upper  detection  limit,  acceptable  stability  and  accuracy,  providing  an  alternative  method  for  monitoring
biomolecules  and  extending  the application  of  near-infrared  QDs.
. Introduction
Photoelectrochemical biosensing is a newly emerged analytical
echnique, which uses light to induce electron transfer between
hotoelectrochemical-active species and electrode for generating
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the detectable photocurrent signal [1–7]. Since the complete sep-
aration of excitation source (light) and detection signal (current),
the undesired background signal is greatly reduced. Thus, photo-
electrochemical technique possesses potentially higher sensitivity
than the conventional electrochemical and optical methods [8,9].

A series of photoelectrochemical platforms have been designed by
using biotinylated tris(bipyridyl) ruthenium(II) complex [1],  TiO2
nanotubes [3],  CdSe [4],  porphyrin-functionalized ZnO nanopar-
ticles [7],  and rhodamine–ployaniline [10]. Although the above
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Scheme 1. Schematic illustration of the photoelectrochemical strategy for detection
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was 2:1:4.8 in our experiments. The resulting mixture solution
was heated and refluxed for some time to obtain the QDs. The as-
f glucose at GOx/CdTe/FTO electrode.

hotoelectrochemical platforms exhibit good performance for the
etection of biomolecules, their applications are limited in bio-

ogical systems due to the ultraviolet light irradiation. Thus it is
ignificant to explore the new photosensitive materials in order to
pply the photoelectrochemical platforms in bioanalysis.

Quantum dots (QDs) are the excellent candidates in the devel-
pment of optical and photoelectrochemical biosensing since they
ave the broad excitation spectrum, good photostability, and
unable emission spectrum [11–16]. For example, a photoelectro-
hemical sensor based on CdS–polyamidoamine nanocomposite
lm was developed for cell capturing and detection under the light

rradiation with 430 nm wavelength [17]. However, since 99% of the
nergy output from the sun is in the visible range, it is desirable for
hotosensitizers to absorb visible light in the development of pho-
oelectrochemical devices [18]. Moreover, for medical applications,
he light in the near-infrared range is efficient as it penetrates more
eeply into tissues. Therefore, the near-infrared quantum dots (NIR
Ds) with emission wavelengths between 650 and 900 nm have
ttracted considerable attention for multicolor labeling in biolog-
cal systems [19–21].  The NIR QDs-based photoelectrochemical
latform could enhance the absorption in the visible range and

ncrease the lifetime of charge carriers [22]. In this work, a NIR
Ds-based photoelectrochemical platform was constructed for the
etection of glucose under visible light irradiation.

Glucose as the substrate of glucose oxidase (GOx) is oxidized
o gluconolactone in the presence of O2 via enzymatic reaction,
hile O2 was reduced to H2O2. Based on oxygen consumption, the
hotocurrent is suppressed since O2 is employed as electron accep-
or during the photoelectrochemical process [23]. Here, integrating
he specificity of GOx with the advantages of photoelectrochemical
iosensing, a fast and sensitive photoelectrochemical measure-
ent of glucose was achieved by using NIR QDs at a fluorine-doped

in oxide (FTO) electrode (Scheme 1). The NIR CdTe QDs were
repared in aqueous solution with 3-mercaptopropionic acid as
tabilizer, and then doped on FTO as working electrode. In the
resence of dissolved oxygen as electron acceptor, the as-prepared
iosensor exhibited significant visible-light induced cathodic pho-
ocurrent under 505 nm light excitation. Upon addition of glucose,
ue to the oxygen-consumption via enzymatic reactions, the pho-
ocurrent dramatically decreased with the increasing of glucose,
esulting in a photoelectrochemical strategy for the detection of
lucose. This facile photoelectrochemical biosensor showed high
pper detection limit and wide linear range. This visible light

hotoelectrochemical sensing platform would provide a generic
pproach to analyze numerous substances in bioanalysis.
ca Acta 744 (2012) 33– 38

2. Experimental

2.1. Chemicals and materials

Glucose oxidase (GOx, G7141-50 KU), 3-mercaptopropionic
acid (MPA, ≥99%), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS),
tris(hydroxymethyl)-aminomethane hydrochloride and
tris(hydroxymethyl)-aminomethane (Tris, reagent grade) were
purchased from Sigma Chemical Co. (MO, USA). Cadmium chlo-
ride (CdCl2·2.5H2O) was purchased from Alfa Aesar China Ltd.
(China). Tellurium rod (4 mm in diameter) was purchased from
Leshan Kayada Photoelectricity Co. (China). d-(+)-Glucose was
bought from Sinopharm Chemical Reagent Co., Ltd. (China). Glu-
cose injection was purchased from local clinique (Jiangxi Kelun
Pharmaceutical Co., Ltd. and Shandong Hualu Pharmaceutical
Co., Ltd.). FTO membrane covered glass as the electrode material
was purchased from Beijing Midwest Group Technology Co., Ltd.
(China). All other chemicals were of analytical grade and without
further purification.

GOx was dissolved in phosphate-buffered saline solution (PBS,
10 mM,  pH 7.4) to obtain a solution (2.0 mg  mL−1) that was stored
at 4 ◦C. Glucose stock solution was mutarotated overnight at room
temperature prior to use. Tris–HCl (0.1 mol  L−1) was employed as
supporting electrolyte during the photoelectrochemical procedure.
The pH of Tris–HCl was  7.0 unless indicated otherwise. Aqueous
solutions in the entire work were prepared with ultrapure water
from a Millipore water purification system (≥18 M�,  Milli-Q, Mil-
lipore).

2.2. Instrumentation

Scanning electron microscopic (SEM) images were obtained
using a Hitachi S-4800 scanning electron microscope (Japan).
The transmission electron microscopic (TEM) images were gained
on a JEM-2100 TEM (JEOL, Japan). X-ray photoelectron spec-
tra (XPS) were obtained using an ESCALAB 250 spectrometer
(Thermo-VG Scientific, USA) with ultra-high vacuum generators.
Ultraviolet-visible absorption spectra were recorded using a UV-
3600 spectrometer (Shimadzu, Japan). The photoluminescence (PL)
spectrum was  recorded with RF-5301 PC fluorometer (Shimadzu,
Japan). Fourier transform infrared (FT-IR) spectra were recorded
on a Nicolet 400 FT-IR spectrometer (Madison, WI,  USA). Photo-
electrochemical detection was  performed on Controlled Intensity
Modulated Photo Spectrometer (Zahner Zennium, German) with
a LW619 LED light (wavelength at 505 nm)  as the accessory light
source. All experiments were carried out at room temperature
using a conventional three-electrode system with a modified FTO
electrode as working, a platinum wire as auxiliary, and a saturated
calomel electrode (SCE) as reference electrodes.

2.3. Synthesis of MPA–CdTe QDs

NIR CdTe QDs were prepared following the method reported
method before [24,25].  Briefly, the Cd precursors were prepared
by mixing the solution of CdCl2 and stabilizer (MPA) solution, and
then adjusted to pH 8.5 with 0.5 M NaOH. This solution was  placed
in a three-necked flask, fitted and deaerated with N2 bubbled
for 30 min. Under vigorous stirring, the prepared oxygen-free
NaHTe solution was  injected. The typical molar ratio of Cd:Te:MPA
prepared QD solution was  precipitated with the equivalent volume
of acetone and collected by centrifugation. The colloidal precipitate
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Fig. 1. (A) UV–vis absorption and fluorescence spectra of CdTe QDs, (B) XPS spec-
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rum of CdTe QDs.

as redissolved in ultrapure water of one-tenth of the original
olume and used as photosensitizer in subsequent experiments.

.4. Modification of the electrode

After the FTO electrode had been cleaned with NaOH
0.5 mol  L−1) and H2O2 (30%), washed with acetone and twice-
ltrapure water, and dried at room temperature, 10 �L of the
Ds stock solution was  coated onto a piece of FTO slice with a
xed area of 0.20 cm2 and dried at room temperature to obtain
n CdTe/FTO electrode. The resulting CdTe/FTO electrode was acti-
ated by casting 10 �L PBS containing 0.50 mg  mL−1 of EDC and
.25 mg  mL−1 NHS for an hour. Then the activated electrode was
horoughly rinsed with water. Following this step, 10 �L of GOx
olution was casted onto the CdTe/FTO electrode surface for the
onjugation of the primary amine groups of GOx to the carboxyl
roups of QDs. After incubated at room temperature for another

 h, the GOx/CdTe/FTO electrode was obtained and stored at 4 ◦C
vernight.

. Results and discussion

.1. Characterization of MPA–CdTe QDs

Fig. 1A shows the absorption and PL spectra of the as-prepared
PA–CdTe QDs. The resulting QDs show an absorption shoulder

round 627 nm (Fig. 1A, curve a). According to the Peng’s empiri-

al equation [26], the diameter of QDs is estimated to be 3.95 nm,
hich could be attributed to the steric hindrance and electrostatic

epulsion caused by the MPA. The TEM image of QDs shows that the
istribution of diameter of CdTe QDs is from 3.84 nm to 5.20 nm
ca Acta 744 (2012) 33– 38 35

(Fig. 2A), which is in good agreement with the result from the
absorption spectrum. On the other hand, the PL spectrum of the as-
prepared QDs showed a strong emission peak at 650 nm (Fig. 1A,
curve b). The wavelength of the emission peak is consistent with
the inflection point of UV–vis absorption, indicating the band gap
emission of the core. Since the peak wavelength (at 650 nm) places
in the NIR spectral region (650–900 nm), the excitation of visi-
ble light (505 nm)  is enough to generate a cathodic photocurrent,
which could reduce mischief to the samples, leading to a potential
application in photoelectrochemical biosensing.

XPS was used to characterize the composition of as-prepared
CdTe QDs. As shown in Fig. 1B, the XPS survey exhibited the two
strong peaks at the binding energies of 404.5 and 572.4 eV, corre-
sponding to the Cd3d and Te3d levels of the CdTe QDs, respectively.
Carbon (284.4 eV of C1s), oxygen (531.8 eV of O1s), and sulfur
(161.1 eV of S2p) from the organic ligands were also observed in the
XPS spectrum. Moreover, the Cd/Te atoms ratios obtained from XPS
data is 5.2, which indicates that most Cd atoms at the QD surface
are stabilized by thiol ligands instead of Te atoms. This core–shell
like structure obviously prevented the oxidation of Te, leading to a
stable structure of the QDs [27].

3.2. Characterization of CdTe/FTO electrode

The CdTe/FTO electrode was  prepared by casting the QDs stock
solution onto the FTO electrode at room temperature. As shown in
Fig. 2B, the SEM morphology of the QDs film exhibited a uniform
layer with the aggregate size less than 30 nm. This size range was
much smaller than 860 nm for unmodified CdTe QDs [28], probably
due to the electrostatic repulsion among these negatively charged
caps (MPA2−) around CdTe cores. The decline in aggregation and
the homogeneous surface structure are favorable for improving the
photoelectrochemical efficiency.

After GOx was covalently attached to the surface of CdTe QDs
via amide reaction, the vibration of amide I and amide II of GOx
could be observed at 1653 and 1543 cm−1 (Fig. 2D, curve b), indi-
cating the effective immobilization of GOx on the surface of CdTe
QDs. The mushy configuration reveals that GOx has been well con-
jugated on the CdTe QDs (Fig. 2C). Therefore, the covalent coupling
of GOx onto carboxyl group-coated CdTe QDs, using EDC-NHS as
coupling reagents, is feasible, which provided a good stability of
the photoelectrochemical biosensor.

3.3. Investigation of O2 dependency of the photocurrent

In order to confirm the oxygen-sensitivity of this biosensor, the
dependency should be investigated in the detection system. As
shown in Fig. 3A, curve a, the photocurrent density of CdTe/FTO
electrode was  about 850 nA cm−2 in air-saturated buffer under the
light irradiation with wavelength of 505 nm.  When irradiated by
suitable light, the direction of electron transfer was controlled by
the energy level structure and the electric potential [29,30]. The
mechanism of photocurrent should be explained as follows: Under
the irradiation, the CdTe QDs were excited by visible light to gen-
erate e−–h+ separation between valence band (VB) and conduction
band (CB). At the negatively applying bias, electrons from the CB of
the QDs can reduce dissolved oxygen in the buffer, while the hole
generated in VB of the QDs can be filled through electron transfer
from the electrode. Thus a cathodic photocurrent will be generated
under irradiation, leading to a photoelectrochemical biosensing
(Scheme 1).

When nitrogen was  purged into the buffer continuously, the

oxygen content in solution is partially exchanged. After 20 min
(curve b), an obvious decrease of the photocurrent intensity was
observed, which is 12% than that of air-saturation solution. After
adding the same concentration of 320 �M H2O2 as saturated
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Fig. 2. (A) TEM image of CdTe QDs, SEM images of (B) CdTe QDs and (C) GOx/C
issolved O2 into pH 7 Tris–HCl solution [31], the photocurrent
nly shows 23% than that of the initial current (curve c). These
esults suggest that oxygen as electron acceptor can be reduced
y the generated electron during the irradiation of the QDs, and

ig. 3. (A) Photocurrent responses of CdTe/FTO electrode in air-saturation (a), N2-satur
hotocurrent intensity every 20 s after adding 10 mM glucose (irradiation wavelength = 5
Ds on FTO electrode, (D) FT-IR spectra of CdTe QDs (a) and GOx/CdTe QDs (b).
is more efficient than H2O2, thus, the cathodic photocurrent of
QDs/FTO electrode with the dependence of dissolved O2 could
be desirable to construct an enzyme-based photoelectrochemical
biosensing platform.

ation (b), N2-saturation with 320 �M H2O2 (c) pH 7 Tris–HCl solution, (B) plot of
05 nm;  tlight = 10 s; E = −0.2 V vs. SCE) at GOx/CdTe/FTO electrode.
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Fig. 4. Effects of (A) potential, (B) light intensity, and (C) pH of 0.1 M Tris–HCl buffer
o
p

3

t
f
l
i
l
t
s

t
w
F
a

Fig. 5. Photocurrent response of a sensor in presence of (a–i) 0, 0.1, 1.1, 3.1, 5.1, 7.1,
n  photocurrent responses of CdTe/FTO electrode (error bar results from three inde-
endent electrodes).

.4. Optimization of experimental conditions

The applied potential is an important factor that is relevant to
he photocurrent response. On account of the elimination of inter-
erence from other reductive species that coexisted in the samples,
ow applied potentials ranging from −0.2 V to +0.1 V vs. SCE were
nvestigated. Fig. 4A illustrated that the response photocurrents
inearly decreased with the increasing of potential from −0.2 V
o +0.1 V. Therefore, an optimal potential of −0.2 V vs. SCE was
elected for the photocurrent measurements.

Irradiation light intensity is another significant factor relevant
o the photocurrent response. Static photocurrent measurement

as carried out from 0 to 110 W m−2 stepping with 2 W m−2.

ig. 4B showed that the response photocurrent sharply increased
t the beginning, and then reached a pseudo-plateau above 100 W.
9.1, 11.1 and 13.1 mM glucose (0.1 M pH 7.0 Tris–HCl; tlight = 10 s; E = −0.2 V vs. SCE).
Inset: plot of photocurrent intensity vs. glucose concentration.

Considering the decreasing of the photocurrent after coating GOx,
100 W m−2 was chosen as the optimized light intensity.

The cathodic photocurrent intensity also depended on the pH of
electrolyte. To investigate the pH influence, the photocurrent was
measured in Tris–HCl with different pH. As shown in Fig. 4C, the
photocurrent intensities decreased with the increasing of pH values
from 7.0 to 9.0, which may  be attributed to that OH− attacked Cd2+

on the surface of QDs, hindering the electron transfer from QDs to
O2 when the pH becomes alkaline. Thus, pH 7.0 Tris–HCl buffer was
used throughout the following experiments.

The wavelength is an important factor to the photocurrent
response. At the applied potential of −0.2 V, the photocurrent
decreased as the exciting wavelength increased from 485 to
535 nm.  The photocurrent intensity at 505 nm was 91% of that
at 485 nm,  showing enough sensitivity for photoelectrochemical
detection. Thus, 505 nm was  chosen for the following photoelec-
trochemical experiments.

3.5. Detection of glucose

The oxygen sensitivity of the as-prepared QDs  provides the
basis for constructing the enzyme-based photoelectrochemical
biosensing platform with the consumption of O2. To verify the
photoelectrochemical mechanism, using GOx as model enzyme, a
convenient biosensor based on the QDs was constructed for the
detection of glucose. Photocurrent measurement of GOx/CdTe/FTO
electrode shows clearly signal change after adding 10 mM glucose
at −0.2 V vs. SCE. As shown in Fig. 3B, the photocurrent decreases
dramatically accompanying the enzymatic reaction, which is con-
sistent with the dependence of the oxygen-sensitive photocurrent
(Fig. 3A). The photocurrent reaches a pseudo-plateau after 300 s,
and exhibits outstanding stability of the sensor. This phenomenon
further evidenced that the photocurrent decreased upon consump-
tion of dissolved O2 and thus could be applied in the construction
of oxidase-based photoelectrochemical biosensor.

Under optimal conditions, Fig. 5 depicts the typical time-based
photocurrent response of the photoelectrochemical biosensor in
the presence of different concentrations of glucose. The cathodic
photocurrent is proportional to the concentration of glucose, which
results from the consumption of dissolved O2, a more efficient
acceptor than the formed H2O2, in the enzymatic oxidation of glu-

cose by O2 as follows:

glucose + O2
GOx−→gluconolactone + H2O2.
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Table 1
Determination of glucose in 5% commercial glucose injections containing glucose
and  sodium chloride.

Sample Dilution Added (mM)  Founded (mM)  Recovery (%)

1 100-fold 0 2.51 ± 0.08 96.4

r
m
b
u
o
T
o
a
p
t
t
n
t
s

s
d
o
c
e
T
s

w
d
A
v
a

3

w
a
r
o
i
d
s
w
i
a

4

d
N
s
p
a
b
t

[
[

[
[
[

[

[

[

[
[
[
[
[

[
[

[
[
[

[
[

[

[

[

[

2.5  4.92 ± 0.18
2  100-fold 0 2.48 ± 0.08 96.0

2.5  4.88 ± 0.14

The biosensor showed rapid response to glucose with a linear
ange of 0.1–11 mM at the applied potential of −0.2 V under illu-
ination with light of 505 nm.  The linear response range of the

iosensor is wider than 0.2–8 mM of the voltammetric strategy
sing molecularly imprinted polymeric micelles [32], 0.1–2.0 mM
f fluorescence resonance energy transfer between two  QDs [33].
he upper detection limit of 11 mM is higher than 4.8 mM of amper-
metric biosensor using GOx/gold nanoparticle/ITO electrode [34]
nd 1.4 mM of the electrode using graphite nanosheet–Nafion com-
osite film [35]. The detection limit of this method was  estimated
o be 0.04 mM at a signal-to-noise ratio of 3, which was lower
han 0.7 mM of electrochemical biosensor using graphene–CdS
anocomposite [36]. Since the blood-glucose level normally main-
ained between 4.0 and 6.0 mM,  the high upper detection limit is
uitable for the practical application in blood sugar monitoring.

The photoelectrochemical biosensor for the detection of glucose
howed good fabrication reproducibility with a relative standard
eviation of 5.1% estimated from the slopes of the calibration plots
f five freshly prepared GOx/QDs/FTO electrodes. At the glucose
oncentrations of 0.1 and 9 mM,  the relative standard deviations
xamined for five determinations are 3.8% and 5.4%, respectively.
hese results suggest that the accuracy of the photoelectrochemical
ensor is satisfactory.

After a storage time of one week in moist condition at 4 ◦C
ith measurements in pH 7.0 Tris–HCl every few days, no obvious
ecrease in the photocurrent response to glucose was  observed.
fter four weeks, the photocurrent response still retained 92.3%
alue of the initial response, thereby suggesting acceptable stability
nd lifetime of the biosensor.

.6. Application

The interference of uric acid, ascorbic acid and sodium chloride
as investigated in the detection of glucose. Although both uric

cid and ascorbic acid can enhance the photocurrent, sodium chlo-
ide has no effect even in 100-fold concentration in the detection
f glucose. The proposed biosensor was used to determine glucose
n pharmaceutical injection to indentify its feasibility. The 100-fold
ilution of 5% glucose injection was found 2.5 mM of glucose. After
piking with 2.5 mM of glucose, the response current increased
ith a recovery of over 96.0% (Table 1). These acceptable results

llustrated the photoelectrochemical biosensor was  successfully
pplied in the analysis of real sample.

. Conclusions

A visible light induced photoelectrochemical biosensor was
eveloped for the detection of glucose based on oxygen-sensitive
IR QDs. The decline in aggregation and the homogeneous surface

tructure of the formed QD film were favorable for improving the

hotoelectrochemical efficiency. Due to the emission peak of the
s-prepared CdTe QDs within the NIR spectral region, the resulting
iosensor exhibited significant cathodic photocurrent with rela-
ively long-wavelength light excitation, which could reduce the

[
[

[
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interference from the samples. Moreover, oxygen was indentified
to be more efficient electron acceptor than the formed H2O2 in the
enzymatic oxidation of glucose. Based on the oxygen-consuming
via enzyme reaction, the designed photoelectrochemical biosens-
ing platform shows good performances with high upper detection
limit, acceptable stability and accuracy, and easy operation, pro-
viding an alternative method with good biocompatibility for
monitoring biomolecules and extending the application of near-
infrared QDs in bioanalysis.
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