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Abstract

A novel label-free photoelectrochemical biosensing method for highly sensitive and specific detection of DNA hybridization
using a CdS quantum dot (QD)—dendrimer nanocomposite is presented. A molecular beacon (MB) was assembled on a gold-
nanoparticle-modified indium tin oxide electrode surface. Hybridization to a complementary target DNA disrupts the stem—loop
structure of the MB, which was afterward labeled with the QD—dendrimer nanocomposite. The modified indium tin oxide
electrode showed a stable anodic photocurrent response at 300 mV (vs Ag/AgCl) to light excitation at 410 nm in the presence
of 0.1 M ascorbic acid as an electron donor. The protocol developed integrates the specificity of an MB for molecular recognition
and the advantages of gold nanoparticles for increasing the loading capacity of the MB on the electrode surface and accelerating
the electron transfer. Moreover, the photocurrent was greatly enhanced because of the high loading of QDs by the dendrimer,
which eliminated the surface defects of CdS QDs and prevented recombination of their photogenerated electron—hole pairs.
Under the optimal conditions, a linear relationship between the increase of photocurrent and target DNA concentration was
obtained in the range from 1 fM to 0.1 nM, with a detection limit of 0.5 fM. The sequence-specificity experiment showed that one
or three mismatches of DNA bases could be discriminated. This photoelectrochemical method is a prospective technique for
DNA hybridization detection because of its great advantages: label-free, high sensitivity and specificity, low cost, and easy
fabrication. This could create a new platform for the application of CdS QD-dendrimer nanocomposites in photoelectrochemical
bioanalysis.
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Introduction

Sensitive real-time DNA assaying is critical to understand the
genetic basis of disease and in cancer diagnostics and treat-
ment [1, 2]. Methods that are quick and simple to detect and
measure nucleic acids are preferable. Many analytical
methods have been used for DNA detection, such as electro-
chemistry [3, 4], luminescence detection [5—8], colorimetry
[9, 10], and surface plasmon resonance detection [11]. The
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large number of methods for the recognition of nucleic acid
sequences is coupled with complicated fluorescence detection
technology [12]. However, fluorescence-based assays have
the disadvantage of high cost owing to the complex and ex-
pensive optical detection instrumentation.

The photoelectrochemical detection method is a newly de-
veloped method and is promising for a rapid and high-
throughput biological assay [13] that is expected to have the
advantages of both fluorescence and electrochemical sensors
[14]. This method was used to detect and identify the se-
quence of the target DNA [15-18]. However, in the
photoelectrochemical detection process, light is used to excite
photoelectrochemically active species, and the photocurrent
generated is used to detect the analyte. Because of the different
forms of energy for excitation and detection, this process can
reduce some background signals; therefore, its sensitivity is
potentially high [19]. Additionally, it has some other notable
advantages, such as electronic readout, easy fabrication, and
potential applications in integrated microarray chips.
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Semiconductor nanocrystals and quantum dots (QDs) such
as TiO,, SnO,, Mn-doped CdS, CdTe, and CdS have been
successfully used as photocurrent sensors because of their
electronic structure and generation of electron—hole pairs dur-
ing photoexcitation [20-25]. To enhance photocurrent gener-
ation, the retardation of the recombination of the
photogenerated electron—hole pairs is essential. To maximize
charge separation in semiconductor nanocrystals, different ap-
proaches have been suggested, including the use of hybrid
composite semiconductor nanocrystals [26-28] or hybrid
metal/semiconductor nanostructures [19, 29]. The assembly
of CdS QD/carbon nanotube [30], CdSe QD/graphene [31],
or TiO, semiconductor/carbon nanotube [32] hybrid systems
was reported for the generation of high-quantum-yield photo-
currents. When sufficiently long-lived electron—hole pairs are
generated, this allows the ejection of conduction-band elec-
trons to the electrode (anodic photocurrent) or the injection of
electrons from the electrode into the valence band of the par-
ticle (cathodic photocurrent) [33]. However, the photocurrent
can be greatly enhanced when electron donors or acceptors are
present in solution.

TiO, nanoparticles possess a broad band gap and have
photoelectrochemical activity under UV irradiation, which is
damaging, whereas CdS QDs have a narrow band gap and are
photoelectrochemically active in the visible range [34-37].
When CdS QDs absorb photons with energy greater than that
of the band gap, electron—hole pairs are created. Once the
process has occurred, the electron—hole pairs will recombine
or the charges will be conveyed. Because of the lower energy
level of the conduction band of indium tin oxide (ITO), the
electrons are transferred to ITO, producing photocurrent [13].
However, it is imperative to find effective ways to enhance the
photon-to-current conversion efficiency of semiconductor
nanocrystals to develop improved photoelectrochemical
biosensors.

Herein, a highly sensitive and label-free photoelectrochemical
DNA biosensor based on a CdS QD-dendrimer nano-
composite is reported for the first time. Molecular bea-
cons (MBs) were first assembled on a gold nanoparticle
(AuNP)-modified ITO electrode. On hybridization to a
complementary target, the MB stem—loop structure is
disrupted and conjugates with the CdS QD-dendrimer
nanocomposite. A photocurrent occurs because of the
transfer of electrons from the CdS QDs into the conduc-
tion band of the ITO electrode. Ascorbic acid was used
as an efficient and nontoxic donor of valence-band elec-
trons of photoexcited CdS QDs in a mild solution medi-
um. Poly(amidoamine) (PAMAM) dendrimers with
amine surface groups, as hole acceptors, eliminate the
surface-trapped electron—hole recombination, which en-
hances the photon-to-current conversion efficiency of
CdS QDs [38]. Moreover, AuNPs are particularly advan-
tageous for incrasing the loading capacity of the MB on
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the electrode surface and accelerating the electron trans-
fer. In addition, the specificity of the MB for molecular
recognition was used for the discrimination of comple-
mentary DNA from mismatched DNA. The method
established could provide an approach for the assembly
of CdS QD-dendrimer nanocomposites with other clini-
cally important biomolecules to further the design of
novel QD-based photoelectrochemical biosensors.

Methods
Materials

PAMAM (G4-NH,, 4 wt% in methanol), cadmium nitrate,
sodium sulfide, 3-mercaptopropionic acid (MPA; 99%), ace-
tone, and methanol were purchased from Sigma-Aldrich and
were used without further purification. Chloroauric acid
(HAuCl4-4H,0) and trisodium citrate were obtained from
Shanghai Reagent Company (Shanghai, China).
Glutaraldehyde (25% aqueous solution) and ascorbic acid
were obtained from Sinopharm Chemical Reagent Co.
(China). Labeled DNA oligonucleotides were synthesized by
Shanghai Sangon Biotechnology Co. (Shanghai, China).
Their sequences are given as follows:

* Hairpin DNA MB probe (17-base loop and 5-bp stem): 5'-
SH-(CH;)e-TGGAGATCAGTCTGATAAGCTACTCC
A-(CH;)6-NH,-3'.

» Target: 5-TAGCTTATCAGACTGAT-3".

*  One-base mismatch: 5-“TAGCTTATAAGACTGAT-3'.

» Three-base mismatch: 5-TAGGTTATAAGACAGAT-3'".

A 0.1 M phosphate buffer solution (PBS; pH 7.4) was
prepared with NaH,PO,4 and Na,HPOy, solution. PBS contain-
ing 0.1 M ascorbic acid was used as the electrolyte. All re-
agents were used as received. Double-distilled water was used
throughout the experiments. ITO (N-STN-S1-10) with a coat-
ing thickness of 180 = 20 nm and a sheet resistance of 8.1 +
0.6 Q/cm * was purchased from China Southern Glass
Holding Co. (Shenzhen, China).

Apparatus

UV-visible absorption spectra were recorded with a Lambda
35 UV-visible spectrometer (PerkinElmer Instruments,
Wellesley, MA, USA). Photoluminescence spectra were ob-
tained with a JASCO FP 820 spectrofluorometer.
Electrochemical impedance spectroscopy was performed with
an Autolab potentiostat/galvanostat (PGSTAT30, Eco
Chemie, Utrecht, Netherlands) in 0.1 M KCI containing a
redox probe of 5.0 mM K;[Fe(CN)gl/K4[Fe(CN)g] (1:1) at
an open-circuit potential over a frequency range from
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0.01 Hz to 10 kHz. Photoelectrochemical measurements were
performed with a homemade photoelectrochemical system. A
500-W Xe lamp equipped with a monochromator was used as
the irradiation source. Photocurrent was measured with a CHI
660D clectrochemical workstation (CH Instruments, Austin,
TX, USA). All experiments were performed at room temper-
ature with a conventional three-electrode system with a mod-
ified ITO electrode as the working electrode, a platinum wire
as the auxiliary electrode, and a saturated Ag/AgCl electrode
as the reference electrode.

Synthesis of AuNPs

The AuNPs were prepared by citrate reduction of hydrogen
tetrachloroaurate(Ill) in aqueous solution according to [39].
Briefly, an aqueous solution of HAuCl, (1%, 100 mL) was
brought to reflux under stirring, and then 2 mL of a 1%
trisodium citrate solution was added quickly, resulting in a
change of solution color from pale yellow to deep red. After
the color had changed, the solution was refluxed for an addi-
tional 10 min and was then allowed to cool to room tempera-
ture. The average size of the AuNPs was 13 nm (Fig. S1). The
suspension obtained was kept in a refrigerator at 4 °C for
future use.

Preparation of MPA-capped CdS QDs

Water-soluble CdS QDs were prepared according to a proce-
dure described previously with some modifications [40].
Briefly, 2 mL of 5 mM Cd(NOs), solution and 5 mL of
MPA were added to 25 mL of water and the pH was adjusted
to 11 with 1 M NaOH before the addition of Na,S under
vigorous stirring. The final of Cd**/MPA/S* mole ratio was
1:2.5:0.5. During the aforementioned process, N, was bub-
bled through the solution for 30 min. The particle size was
controlled by the quantity of Na,S added as well as the tem-
perature and duration of further heating. Thus, the sample was
prepared by the addition of 1 mL of Na,S and with stirring for
6 h at 100 °C under reflux. Low molecular weight contami-
nants were removed by dialysis against water. The final QD
solution was stored in a refrigerator at 4 °C for future use.

Synthesis of the CdS QD-dendrimer nanocomposite

The nanocomposite was prepared by chemical reduction fol-
lowing a procedure reported previously with some modifica-
tions [41]. Firstly, a solution of cadmium ions was added to a
solution of PAMAM dendrimers with a Cd**/dendrimer mole
ratio of 10 and the mixture was vigorously stirred under nitro-
gen at 10 °C for about 30 min to make Cd** coordinate
completely with PAMAM dendrimers. Then equimolar sodi-
um sulfide was added to the aforementioned solution
dropwise to obtain CdS QD nanocomposites. The low

molecular weight contaminants were finally removed by dial-
ysis against water. The suspension obtained was stored in a
refrigerator at 4 °C for future use.

Fabrication of the photoelectrochemical DNA
biosensor

The ITO slices as the working electrodes were cleaned by
sonication in NaOH (1 M) and acetone, followed by washing
with copious water and drying at 120 °C.

An even film of AuNPs was immobilized on the ITO
electrode surface with use of 10 uL of 5 mM MPA
followed by 20 pL AuNPs after 1 h incubation, resulting
in the formation of a classic alkanethiol-gold linkage.
Then 10 pL of the thiolated MB probe was spread on
the AuNP film for 1 h incubation. Subsequently, a solu-
tion of target DNA oligonucleotides was incubated on
the electrode for 70 min to form double-stranded DNA.
Conjugation of CdS QD-dendrimer nanocomposites to
the MB-modified electrode was achieved with use of
glutaraldehyde for the classic coupling reaction between
surface amine groups of the dendrimer and amine groups
of the MB. For this, 20 pL of CdS QD-dendrimer nano-
composite solution was dropped on the electrode surface.
All these incubation steps were performed at room tem-
perature. The whole preparation process is outlined in
Fig. 1. Before measurement, the biosensor was washed
with PBS to remove physically absorbed nanocompos-
ites. The corresponding electrode was in contact with
0.1 M PBS (pH 7.4) containing 0.1 M ascorbic acid
and was scanned with potential of 300 mV at 410 nm.

Results and discussion

Characterization of the CdS QD-dendrimer
nanocomposite

Photoluminescence and UV-visible absorption spectra
were used to characterize the synthesized CdS QD-
dendrimer nanocomposite (Fig. S2). The CdS QD-
dendrimer nanocomposite and MPA-capped CdS QDs
showed photoluminescence peaks at 538 and 550 nm,
respectively, and absorption peaks at 354 and 370 nm,
respectively, indicating the consequence of quantum con-
finement [42]. The morphology of the CdS QD-
dendrimer nanocomposite and that of the MPA-capped
CdS QDs were obtained by transmission electron micros-
copy. The images show spherical and monodisperse par-
ticles for both the CdS QD-dendrimer nanocomposite
and MPA-capped CdS QDs. The size of the CdS QDs
was about 2 nm for the CdS QD-dendrimer nanocom-
posite and about 3 nm for the MPA-capped CdS QDs
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Fig. 1 The biosensor fabrication
process and its anodic
photocurrent generation
mechanism. AA ascorbic acid,
AuNP gold nanoparticle, CB
conduction band, ITO indium tin
oxide, QD quantum dot, VB
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(Fig. 2). The sizes of the resulting QDs and the concen-
tration of QD suspensions were also estimated from the
absorption maximum in the UV-visible spectra and the
empirical equation reported previously [43].

D = (-6.6521 x 107%)\°

+ (19557 x 107*)\*~(9.2352 x 1072) A

+(13.29), (1)
e =21536D%7, (2)

where D (nm) is the size of nanocrystals, A\ (nm) is the
wavelength of their first excitonic absorption peak, and ¢ is
the extinction coefficient per mole of nanocrystals (L/mol
cm). The concentration of nanocrystals in solution was calcu-
lated with the Lambert-Beer law. The sizes of the CdS QDs in
the CdS QD—dendrimer nanocomposite and the MPA-capped
CdS QDs were calculated to be 2.15 and 2.52 nm, respective-
ly, with concentrations of 5.99 and 1.88 puM, respectively.

Electrochemical impedance spectroscopy
and photoelectrochemical characterization
of the biosensor

Electrochemical impedance spectroscopy is an effective meth-
od to monitor the features of modified electrode surfaces.
Figure 3 shows the electrochemical impedance Nyquist plot
of different modified electrodes with K5[Fe(CN)g4]/
K4[Fe(CN),] as the redox probe in 0.1 M potassium chloride
solution (pH 7.4) with an alternating voltage of 5 mV and a
frequency range of 0.01 Hz to 10 kHz. Compared with the
bare ITO electrode (curve a), the MPA-modified electrode
showed a larger diameter of the frequency semicircle (curve
b), which was due to the insulating effect of MPA. When the
ITO/MPA electrode was modified with AuNPs, the diameter
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ofthe Nyquist circle decreased (curve c), which is attributed to
the increase of electron transfer. This indicates that an AuNP
layer was successfully formed on the electrode surface.
Subsequently, immobilization of the MB on the AuNP-
modified electrode increased the resistance (curve d), which

A0 1N
e

Fig. 2 Transmission electron microscopy images of a CdS quantum dot
(QDs)—dendrimer nanocomposite and b 3-mercaptopropionic acid-
capped CdS QDs
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Fig. 3 Electrochemical impedance Nyquist plots of (a) bare indium tin
oxide (ITO), (b) ITO/3-mercaptopropionic acid (MPA), (c) ITO/MPA/
gold nanoparticles (AuNPs), (d) ITO/MPA/AuNPs/molecular beacon
(MB), (e) ITO/MPA/AuNPs/MB/10 pM target DNA, (f) ITO/MPA/
AuNPs/MB/10 pM target DNA/glutaraldehyde, and (g) ITO/MPA/
AuNPs/MB/10 fM target DNA/glutaraldehyde/quantum dot nanocom-
posite in 0.1 M phosphate buffer solution (pH 7.4) containing 0.1 M
ascorbic acid. The excitation wavelength was 410 nm and the applied
potential was 300 mV

means that the MB formed an additional barrier and further
prevented the redox probe from approaching the electrode
surface. The resistance increased again after 10 pM target
DNA had conjugated to the MB (curve e). However, the dif-
fusion resistance for electron motion increased in the thicker
modified layer on the electrode surface. The electron transfer
resistance was enhanced by means of glutaraldehyde and then
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Fig. 4 Photocurrent response of (a) bare indium tin oxide (ITO), (b) ITO/
3-mercaptopropionic acid (MPA)/gold nanoparticles (AuNPs), (c) ITO/
MPA/AuNPs/molecular beacon (MB), (d) ITO/MPA/AuNPs/MB/10 ftM
target DNA, and (e) ITO/MPA/AuNPs/MB/10 fM target DNA/glutaral-
dehyde/quantum dot nanocomposite in 0.1 M phosphate buffer solution
(pH 7.4) containing 0.1 M ascorbic acid. The excitation wavelength was
410 nm and the light was turned on and off as indicated. The applied
potential was 300 mV

CdS QD—dendrimer nanocomposite on the modified electrode
(curves f and g). These results clearly confirm the successful
modification of the electrode.

The fabrication of the biosensor was also monitored by
photoelectrochemical experiments (Fig. 4). The sharp anodic
photocurrent appeared at negative potential just after the final
modification of the ITO electrode with the CdS QD-
dendrimer nanocomposite. This indicates that the different
multilayers on the electrode surface were not photoactive
(curves a—d) and the electron transfer was caused only by
the electron—hole pairs of CdS QDs (curve ¢). The current
was relatively stable over time and could be turned on and
off by our controlling the light. A control experiment was
performed without target DNA, resulting in the MB stem—
loop structure remaining closed and showing no photocurrent
signal. This further proves that the photocurrent was due to the
CdS QD-dendrimer nanocomposite.

Photoelectrochemical response of the biosensor

As shown in Fig. 5, the photocurrent intensity of the electrode
modified with the CdS QDs—dendrimer nanocomposite (curve
¢) is much greater than that of the electrode modified with CdS
QDs (curve a) in PBS (pH 7.4). This was attributed to the
loading of numerous QDs by the PAMAM dendrimers and
also the amine groups of PAMAM dendrimers reducing the
surface defects of CdS QDs, which acted as the surface
trapped electron—hole recombination [44]. The photoresponse
of the modified electrodes increased when the ascorbic acid
redox couple was present in solution (curves b and d). After
the separation of electron—hole pairs, the holes migrate into
solution, in which they oxidize the electron donor (ascorbic

d
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Fig. 5 Photocurrent responses to light excitation at 410 nm of modified
indium tin oxide electrodes for 10 pM target DNA labeled with (a, b) CdS
quantum dots (QDs) and (c, d) CdS QD-dendrimer nanocomposite in
0.1 M phosphate buffer solution (pH 7.4) in (a, c) the absence and (b,
d) the presence of 0.1 M ascorbic acid at 300 mV
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acid). If there are no ascorbic acid molecules in the detection
solution, photogenerated electrons can recombine with holes
and only a low photocurrent is generated.

The proposed mechanism for the electron transfer system is
shown in Fig. 1. The photoexcitation of the CdS QDs causes
the transfer of an electron from the occupied valence band to
the empty conduction band, and hence produces an electron—
hole pair. Whereas the luminescence features of the CdS QDs
arise from electron—hole recombination, the trapping of
conduction-band electrons in surface traps provides sufficient-
ly long-lived electron—hole pairs that allow the ejection of the
conduction-band electrons to electrodes, giving rise to
photoelectrochemical current production. The ejection of the
conduction-band electrons to the electrode, accompanying
electron transfer from a water-soluble electron donor, gener-
ates an anodic photocurrent. The photocurrent can be switched
on and off by pulsed irradiation of the QDs. The mechanism of
photocurrent production possibly includes the photoejection
of conduction-band electrons of CdS QDs in contact with or at
tunneling distances from the electrode. AuNPs act as the
charge source for helping the interfacial charge-transfer pro-
cesses that increase the photocurrent intensity.

Effect of ascorbic acid concentration

As shown in Fig. S3, the photocurrent intensity of 1 pM target
at an applied potential of 300 mV increased with the increase
of the electron donor concentration and reached a maximum
for 0.1 M ascorbic acid; a weak decline was detected for much
higher concentrations of ascorbic acid. As a hole collector,
ascorbic acid in lower concentrations resulted in a decrease
in electrical productivity because there were fewer reducing
agent molecules for electron donation to photogenerated
holes, whereas much higher concentration of ascorbic acid
would lead to enhancement of the absorbance of ascorbic acid
in the solution, and consequently the amount of irradiation
reaching the electrode surface decreased and the capability
of excited QDs would be reduced [13].

Effect of QD nanocomposite amount

CdS QD—dendrimer nanocomposites as photoactive materials
showed a quick photocurrent response to 410-nm photoexci-
tation. However, a large amount of QD nanocomposite can be
loaded on the electrode surface, and therefore a larger photo-
current intensity can be obtained. To investigate the proper
amount of QD nanocomposite as a label, the electrodes mod-
ified with 10 pM target DNA were labeled with different
amounts of QD nanocomposite. From the resulting calibration
curve (Fig. S4), the photocurrents increased with the amount
of QD nanocomposite. This indicated that the QD nanocom-
posites were adsorbed increasingly during the assembly.
However, a decreasing tendency in the photocurrents
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appeared with increasing amount of nanocomposite label ex-
ceeding 20 pL of nanocomposite suspension (0.12 nmol of
QDs). The explanation might be that the thick film was subject
to diffusion limitation between the inner portion of CdS QDs
and the electron donor ascorbic acid when more QD nano-
composite was added on the electrode surface [13]. Thus, 20
puL of nanocomposite suspension was used for further
experiments.

Effects of pH and incubation time on the electrode
response

The pH effect of PBS on the biosensor response was studied in
the range from 5.2 to 10.0 in the presence of 0.1 M ascorbic
acid. The current response of 10 pM target DNA increased
from pH 5.2 to pH 7.0 and was maximum at pH 7.4, and then
decreased from pH 7.4 to pH 10.0 (Fig. S5). In the process,
OH  served as a hole scavenger [15], resulting in enhance-
ment of charge separation and decrease of electron—hole pair
recombination, thus resulting in an increase of photocurrent
with pH increase. At pH higher than 7.4, the decrease was
attributed to decrease of the concentration of H*, which con-
sumed the conduction-band electrons of QDs, resulting in the
decrease of photocurrent. To obtain maximum sensitivity and
bioactivity, pH 7.4 was chosen.

The influence of the incubation time on the photocurrent
response was also studied. For this, hybridization was per-
formed at 37 °C for various times and then the hybridized
electrodes were rinsed with PBS (pH 7.4) to remove unbound
DNA molecules. As shown in Fig. S6, the maximal photocur-
rent of 10 pM target DNA was obtained after incubation at 37
°C for 1 h, which was chosen as the optimal incubation time.

Effect of applied potential and wavelength
on photocurrent

It is important to evaluate the dependence of photocurrent
on the applied potential to understand the detailed photo-
current generation mechanism. The photocurrent of 10 pM
target DNA increased gradually when the applied potential
shifted from 0 to 400 mV and reached a maximum value at
300 mV (Fig. 6a). The increasing cathodic photocurrent
with increasing negative potential indicates n-type behav-
ior of the CdS QD-dendrimer nanocomposite where elec-
trons migrate from the QDs to the ITO electrode.
Afterward, the rate of increase decreased with unstable
photocurrent and the electrode decomposed at 500 mV.
As higher voltage would damage the DNA probe by oxi-
dation of the Au-S bond [45], all the photoelectric exper-
iments were consequently performed with an applied volt-
age less than this critical value. Therefore, for higher sen-
sitivity, 300 mV was selected in this work.
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Efficient photocurrent generation needs absorbed photons
with energy greater than the band gap. The band gap energy of
the CdS QDs is 2.6 ¢V, and the maximum wavelength to
produce photocurrent was calculated to be about 477 nm.
The photocurrent response of the modified ITO electrode with
10 pM target DNA was investigated from 380 to 480 nm (Fig.
6b). The modified electrode showed the strongest photocur-
rent intensity at around 390—410 nm. The increase was attrib-
uted to the absorption coefficient of the QDs, which increases
with photon energy greater than the QD band gap energy [46].
More energetic photons can excite electrons from populated
regions of the valence band to available states deep in the
conduction band. However, 410 nm as a longer wavelength,
which is favorable for monitoring of biological systems, was
chosen for the following experiments.

Sensitivity and selectivity

Under the optimal conditions, the calibration graph obtained
for the determination of different concentrations of target
DNA without any amplification of its amount is shown in
Fig. 7. The photocurrent increased in proportion to the loga-
rithm of DNA target concentration in the range from 1 fM to
0.1 nM, with a detection limit of 0.5 fM and a correlation
coefficient of 0.9916. The good linearity over a wide dynamic
range suggested that the DNA target could be determined
quantitatively with the proposed photoelectrochemical bio-
sensor. The present work has demonstrated significantly in-
creased sensitivity over previous methods for the detection of
DNA in solution. The sensitivity of this biosensor is among
the highest reported so far. The lowest detection limit of a
photoelectrochemical DNA biosensor was reported to be 20
fM with a dynamic range from 50 fM to 1.0 nM [47], whereas
a photocurrent system using a DNA intercalator on porous

100 0 380 400 420 440 460 480

Wavelength (nm)

SnO, film showed a limit of detection 0.18 nM and a linear
range from 0.5 to 7 nM [12]. A detection limit of 1 nM with a
dynamic range from 1 to 500 nM was obtained with an AuNP-
labeled DNA probe on a TiO, substrate [19] compared with a
detection limit of 2.5 nM for an unlabeled one [15]. A photo-
current DNA biosensor with a chemiluminescence reaction as
the light source showed a detection limit of 4.5 nM and a
linear range from 20 to 400 nM [48]. It is noteworthy that
the present work showed a detection limit about 40 times
lower than the previous lowest one with about the same wide
dynamic range. The relative standard deviations of five repli-
cates of 1 and 100 pM were 8.2% and 4.9% respectively,
indicating good reproducibility of the biosensor.
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Fig. 7 Photocurrent responses to light excitation at 410 nm of the
modified indium tin oxide electrode in 0.1 M phosphate buffer solution
(pH 7.4) containing 0.1 M ascorbic acid for 0 fM, 0.01 fM, 0.1 M, 1 fM
0.01 pM, 0.1 pM, 1 pM, 10 pM, 100 pM, and 1000 pM target DNA (from
bottom to top) at 300 mV. The inset shows the linear calibration curve
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Fig. 8 Photocurrent responses obtained with the CdS quantum dot-G4
dendrimer nanocomposite for detection of 10 pM target DNA, single-
base-mismatched sequence, and three-base-mismatched sequence.
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At the same concentration of 1 pM, single-base-mismatched,
three-base-mismatched, and complementary DNA oligonucle-
otide solutions were used for hybridization and then the photo-
current of the modified electrodes was measured. Figure §
shows that the signals from the single-base-mismatched and
three-base-mismatched DNA were 41.9% and 28.2%, respec-
tively, of the signal from the complementary DNA. This com-
parison demonstrates that this biosensor has high selectivity for
the sequence-specific detection of the target DNA.

Conclusions

A unique label-free photoelectrochemical biosensor was de-
veloped for the quantification of DNA in solution. A CdS
QD—dendrimer nanocomposite was used for the first time as
a highly sensitive photoelectrochemical label, where PAMAM
dendrimer eliminated the surface defects of CdS QDs and
prevented recombination of their photogenerated electron—
hole pairs. Moreover, it took advantage of AuNPs as electron
transfer facilitators and also as MB anchors. Ascorbic acid as
an electron donor in solution enhanced the photocurrent re-
sponse of the modified electrode. The ultrahigh sensitivity of
the biosensor described here allows the quantification of DNA
without a preamplification step over a wide dynamic range.
This strategy manifests its excellence by being simple, cost-
effective, and specific, which allow it to be used as a high-
throughput screening technique. It has a bright future for
photoelectrochemical biosensors to study a wide variety of
biological processes.
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