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A versatile photoelectrochemical biosensing platform was developed
based on DNA-CdS quantum dots (QDs) sensitized single-walled
carbon nanotubes (SWCNTs)-COOH. Combining with cyclic enzymatic
amplification, a convenient, sensitive and specific biosensor for the
direct detection of microRNAs (miRNAs) was designed, which
provided a novel approach for analysis of miRNAs.

Photoelectrochemical measurements are a newly developed analytical
technique for biological assays and have received considerable atten-
tion in recent years." Due to the complete separation of the excitation
source (light) and the detection signal (current), the background
signal in photoelectrochemical techniques is reduced, and the detec-
tion sensitivity improves significantly.> Furthermore, photoelectro-
chemical measurements are more rapid, convenient, and sensitive
and have greater accuracy than conventional optical and electro-
chemical methods.? Given these desirable advantages, much effort
has been devoted toward the photoelectrochemical detection of DNA,
cells, proteins, and some small molecules.>* Among the numerous
photoelectrochemically active species, CdS QDs have appeared
as preeminent materials for photoelectrochemical analysis®®®
due to their stability against photobleaching, chemical stability
and biocompatibility. Thus, a number of biomolecule-labeled
CdS QDs, such as DNA-labeled CdS QDs, have been applied to
biological analysis. However, traditionally, DNA-labeled CdS QDs
have been prepared by linking pre-synthesized CdS QDs to DNA using
coupling reactions or covalent binding.® The use of pre-synthesized
QDs is time-consuming and unfavorable for simplifying operations,™
thus limiting its applications in photoelectrochemical measure-
ments. Therefore, one-step synthesis of DNA-labeled QDs, which is
convenient,” substituted the pre-synthesized method in this work.
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The approach relied on the design of oligonucleotides that contained
two different domains: one that phosphorothioates (ps)-DNA
(ps: sulphur-containing variants of the phosphodiester backbone)
would be liganded to the CdS QDs, and one that phosphates
(po)-DNA would be capable of molecular recognition.” Although
po-DNA could interact with CdS,® Cd** was known to exhibit a 3000-
fold preference for sulphur over oxygen binding when presented
with nucleotides. Thus Cd*" would give preference to interact with
ps—DNA,7b and then it formed the structure of DNA-CAS QDs as
shown in Scheme 1. Because of their high electrical and thermal
conductivities, high surface areas, and good stability in solar cells,’
single-walled carbon nanotubes (SWCNTs) were introduced to
enhance the photocurrent and further improved the sensitivity
for photoelectrochemical biosensing.

MicroRNAs (miRNAs) are a class of small endogenous non-
coding RNAs (typically 19-23 nucleotides in length)' that play
significant regulatory roles in a variety of biological processes.'*>"* In
particular, miRNAs have been functioning as diagnostic biomarkers
for cancer classification, diagnosis and prognosis.'> Therefore, various
methodologies have been proposed to detect miRNAs, including
northern blots, microarrays, real-time reverse transcription poly-
merase chain reactions, and nanoparticle-based signal amplification
detection methods." Electrophoretic, fluorescent, electrochemical
and colorimetric'* techniques have also been developed for the
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Scheme 1 Schematic illustration of the photoelectrochemical biosensor
for microRNA detection.

Chem. Commun., 2014, 50, 1331513318 | 13315


http://crossmark.crossref.org/dialog/?doi=10.1039/c4cc06214k&domain=pdf&date_stamp=2014-09-16
http://dx.doi.org/10.1039/c4cc06214k
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC050087

Published on 09 September 2014. Downloaded by UNIVERSITY OF ALABAMA AT BIRMINGHAM on 20/10/2014 12:37:23.

Communication

analysis of miRNAs. Although these techniques had adequate
sensitivity, they suffered from the need for expensive equipment
and reagents, are time-consuming, and required harsh condi-
tions, such as high potentials. Thus, the development of new
methods for the detection of miRNAs at low potentials that are
rapid, convenient, sensitive, selective and quantitative is urgently
required. The photoelectrochemical techniques described here
could satisfy these requirements.

In this work, a versatile photoelectrochemical biosensing plat-
form was developed based on DNA-CAS QD-sensitized SWCNTs-
COOH. One-pot synthesized DNA-CAS QDs were combined with
SWCNTs-COOH through n-m stacking to form DNA-labeled CdS
QDs-sensitized SWCNTs-COOH as the photoelectrochemically active
species. These constructions exhibited high photovoltaic conversion
efficiency and good stability. Using miRNA-7f as a model, which
made a large quantity of CdS QDs break away from SWCNTs-COOH
after hybridizing with DNA probes'® to decline the photocurrent, a
novel signal-off photoelectrochemical biosensor was constructed
(Scheme 1). In the absence of target miRNAs, a higher photocurrent
could be detected due to the n—r stacking interactions between the
single-stranded (ss) DNA and the SWCNTs-COOH. Specifically, this
strategy was designed to enable the direct detection of miRNAs as an
alternative to the standard indirect method for detection of miRNAs.
In addition, this approach used a less complex procedure. Moreover,
DNase I was adopted in this work to further amplify the signal.
DNase I is an endonuclease that nonspecifically cleaves the DNA
in RNA-DNA complexes but does not cleave RNA.'® SsDNA-labeled
CdS QDs were promptly adsorbed onto SWCNTs-COOH via n-n
stacking interactions which prevented DNase I from approaching
the constrained ssDNA and made CdS QDs adsorb firmly on
SWCNTs-COOH,'® leading to produce an intense photocurrent.
However, when hybridized with miRNA, the ssDNA/miRNA bound
weakly to SWCNTs-COOH, and then CdS QDs as photoelectro-
chemically active species would break away from SWCNTs-COOH
and release into the solution where the DNA probe could be
immediately hydrolyzed by DNase I while the miRNA remained
intact,"® thereby achieving photocurrent signal amplification
(Scheme 1). In the work reported here, a novel, sensitive and
selective method for the direct detection of miRNAs using visible
light irradiation at a low potential was developed, which may
find applications in other related biological assays.

To demonstrate that CdS QDs were combined with DNA,
UV-Vis absorption spectra were obtained (Fig. 1A). DNA had a
typical absorption peak at 260 nm (curve a). The broad absorp-
tion peaks of CdS QDs (curve b) and DNA-CdS QDs (curve c¢) were
observed at approximately 370 nm. Compared with the UV-Vis
absorption spectra of CdS QDs, the absorption band of DNA-CdS
QDs (from 272 to 302 nm) was bathochromically shifted, which
implied that DNA was bound to the CdS QDs.”

The HRTEM images depicted the formation of CdS QDs (Fig. S1A
in the ESIt) and SWCNTs-COOH (Fig. S1B in ESIT). The diameter of
CdS QDs ranged from 4 to 9 nm. A highly dense deposit of DNA-CdS
QDs on SWCNTs-COOH formed via n-m stacking interactions
between SWCNTs and DNA could be observed (Fig. S1C in the
ESIY), which was beneficial for photoinduced electron transfer
between CdS QDs and SWCNTs-COOH.
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Fig. 1 (A) UV-Vis absorption spectra of DNA (a), CdS QDs (b) and DNA-CdS

QDs (c). (B) FTIR spectra of pristine SWCNTSs (a) and SWCNTs-COOH (b).
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Fig. 2 (A) Nyquist diagrams of bare ITO (a), ITO/APTES (b), ITO/APTES/
SWCNTs-COOH (c), ITO/APTES/SWCNTs-COOH/probe DNA (d), ITO/APTES/
SWCNTs-COOH/probe DNA/Tween 20 (e), and ITO/APTES/SWCNTs-
COOH/probe DNA/Tween 20/miRNA-7f (100 pM) (f). (B) The photoelectro-
chemical responses of ITO/DNA-CdS (a), ITO/SWCNTs-COOH (b), ITO/
SWCNT-COOH/DNA-CdS (c), ITO/SWCNTs-COOH/DNA-CdS/Tween 20 (d),
and ITO/SWCNTs-COOH/DNA-CdS/Tween20/miRNA-7f (10 pM) (e).

The FTIR spectra of the pristine SWCNTs and SWCNTs-COOH
are shown in Fig. 1B. The C—=C and C-O stretching vibrations of
the pristine SWCNTs were observed at 1438 and 1043 cm ',
respectively (curve a). The C—O0 and O-H stretching vibrations
of SWCNTs-COOH were observed at approximately 1622 and
3427 cm ', respectively (curve b). Compared with the FTIR
spectra of the pristine SWCNTSs, the intensities of the carboxyl
groups obviously increased in the FTIR spectrum of SWCNTs-
COOH, indicating that hydrophilic carboxylate groups were
introduced onto SWCNT surfaces.

Electrochemical impedance spectra (EIS) were used to investigate
the fabrication of the photoelectrochemical biosensor (Fig. 2A). The
EIS includes a semicircle portion and a linear portion. The semi-
circle diameter is equal to the electron-transfer resistance (R). The
bare ITO electrode exhibited the lowest R (curve a). After modifica-
tion with APTES (curve b), the R clearly increased, which may be
attributed to the APTES film hindering the access of the redox probe
([Fe(CN)¢]* /[Fe(CN)s]' ) to the electrode surface. Subsequently,
SWCNTs-COOH were covalently bonded to the ITO/APTES films
via reactions between the amine and carboxyl groups, displaying a
low R, (curve c). This suggested that SWCNTs-COOH accelerated
electron transfer between the redox probe and the electrode surface
due to their excellent electronic conductivity. Then, probe DNA
was introduced to the electrode surface via m-n stacking
between ssDNA and SWCNTs-COOH, and R, increased (curve d),
primarily due to the negative charges of the DNA phosphate
backbone, which repelled the transfer of the negatively charged
probe ([Fe(CN),]> /*"). The increase of R verified the successful
assembly of the probe DNA on the electrode surface. After blocking
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with Tween 20 (curve e), R, increased further, owing to a steric
hindrance effect that impeded electron transfer between the redox
probe and the electrode surface. However, after the introduction of
the target RNA (curve f), R decreased dramatically compared with
that of curve e. This phenomenon indicated the successful hybridi-
zation of the target RNA with the probe DNA. The changes in
electron transfer resistance verified the successful fabrication of the
photoelectrochemical biosensor.

The photocurrent responses following each modification step
under 405 nm irradiation at an applied potential of —0.05 V are
shown in Fig. 2B. When DNA-CdS was assembled on an APTES-
modified ITO electrode, an anodic photocurrent of 40 nA was
observed (curve a). When SWCNTs-COOH were deposited on an
APTES-modified ITO electrode, an anodic photocurrent of 20 nA was
generated (curve b). However, it was interesting to note that the CdS
QD-sensitized SWCNT-COOH-modified ITO electrode exhibited a
significantly enhanced cathodic photocurrent of 1.20 pA (curve c),
which was 30- and 60-fold higher than the photocurrent observed
with DNA-CdS (curve a) and SWCNTs-COOH (curve b) modified ITO
electrodes, respectively. The dramatically improved photocurrent
achieved with the CdS QD-sensitized SWCNT-COOH-modified
ITO electrode could be attributed to two possible causes. Firstly,
SWCNTs-COOH were efficient acceptors that enhanced photoin-
duced electron transport and prevented the charge recombination of
excited CdS™ owing to their unique one-dimensional nanostructure
and appropriate band energy. Secondly, ssDNA can interact with
SWCNTs-COOH via n-r stacking. Thus, CdS QDs were linked to the
SWCNTs-COOH, leading to a significantly improved photocurrent
response. After the electrode was treated with Tween 20 to block
nonspecific adsorption, the photocurrent declined (curve d), which
was most likely due to an enhanced steric hindrance effect that
blocked the diffusion of the electron donors to the surfaces of the
photoelectrochemically active material. However, a dramatically
decreased photocurrent of 495 nA was observed after hybridization
with probe miRNA-7f (curve e), which was only 41% of the photo-
current with the CdS QDs-sensitized SWCNTs-COOH-modified ITO
electrodes (curve c). After DNA probe hybridization with miRNA-7f, a
large amount of DNA-CdS separated from the SWCNTs-COOH due
to their weak non-covalent interactions. The large quantity of CdS
QDs that broke away from the SWCNTs-COOH resulted in a greatly
declined photocurrent, leading to the above phenomenon (Scheme 1).

Upon irradiation with light, electrons were excited from the
valence band (VB) and then transferred to the conduction band
(CB) of CdS QDs, thus yielding electron-hole pairs." At a negatively
applied bias (—0.05 V), protons (H") in the PBS captured the partial
photoinduced electrons from the CB electrons of CdS QDs, producing
H,."” Ascorbic acid (AA) was chosen as a nontoxic electron donor to
scavenge the VB holes. Finally, the residual photoinduced electrons
were collected by SWCNTs-COOH. SWCNTs-COOH setved as good
photoelectron acceptors and improved the activity of CdS QDs due to
their excellent capacity for photoinduced electron transport. SWCNTs-
COOH also inhibited the charge recombination of the electron-hole
pairs of the excited CdS QDs, generating a stable cathodic photo-
current and enhancing the overall photovoltaic conversion efficiency.
Moreover, the photocurrent could be turned on and off by controlling
the light (Fig. S2 in the ESI{). Based on the high photovoltaic
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Fig. 3 Photoelectrochemical responses of the biosensor to a blank
(a) and to 50 fM, 100 fM, 500 fM, 1 pM, 5 pM, 10 pM, 50 pM, 100 pM,
and 200 pM miRNA-7f (b—j, respectively). Upper inset: linear calibration;
lower inset: magnified responses of (i) and (j).

conversion efficiency and good stability of the SWCNTs-COOH/
DNA-CdS/Tween 20 films, they were used advantageously
to develop a photoelectrochemical detection platform under
visible light irradiation at low potentials.

Under optimized conditions (Fig. S3 in the ESIt), the photo-
electrochemical biosensor was applied to the detection of
miRNA-7f at different concentrations (from 0 to 200 pM). The
photocurrent responses obtained by varying the miRNA-7f concen-
trations (C) are shown in Fig. 3. The photocurrents decreased with
increasing concentrations of miRNA-7f. The calibration curve was
established by plotting AI (AI = I — I,, where I is the photocurrent of
the miRNA-7f solution at a particular concentration, and I, is the
background photocurrent) against the miRNA-7f concentration in
the linear range from 50 fM to 100 pM. The calibration equation was
I=331.4 +203.3lg C, with a correlation coefficient R of 0.9953, where
I is the photocurrent and C is the concentration of miRNA-7f. The
detection limit was estimated to be 34 fM at a signal-to-noise ratio of
3. The linear range was much wider and the detection limit was
lower than those reported in previous work'®'® (Table S1 in the
ESIt). Therefore, the photoelectrochemical biosensor exhibited a
wide linear response range, and high sensitivity and selectivity in the
determination of miRNA at low potentials.

To evaluate the selectivity of the proposed method, three
representative members of the let-7 family were investigated,
including the complementary target (let-7f: 5'-UGA GGU AGU
AGA UUG UAU AGUU-3'), a single-base mismatched strand (let-7a:
5'-UGA GGU AGU AGG UUG UAU AGUU-3') and a three-base mis-
matched strand (let-7d: 5-AGA GGU AGU AGG UUG CAU AGUU-3'),
under the same conditions. As shown in Fig. 4, the photocurrent
response to let-7f (column a) was approximately 2.41-fold greater than
that to let-7a (column b). In addition, the response to let-7d (column c)
was 14.02% of that of let-7f. This level of mismatch discrimination
ability was better than that of other previous miRNA hybridization-
based biosensors.”® Thus, the proposed photoelectrochemical
biosensor had high selectivity for detection of miRNAs.

In summary, a versatile photoelectrochemical biosensing plat-
form was developed based on CdS QD-sensitized SWCNTs-COOH.
A highly dense deposit of DNA-CdS QDs on SWCNTs-COOH was
beneficial for photoinduced electron transfer between CdS QDs
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Fig. 4 Photocurrent changes in the photoelectrochemical biosensor
towards miRNA-7f (100 pM) (a), miRNA-7a (100 pM) (b) and miRNA-7d
(100 pM) (c).

let-7f

and SWCNTs-COOH. SWCNTs-COOH served as a good photoelec-
tron acceptor and enhanced the photoinduced electron transport
while inhibiting charge recombination of the electron-hole pairs in
the excited CdS QDs, hence generating a cathodic photocurrent.
Using miRNA-7f as a model, a novel signal-off photoelectro-
chemical biosensor for the direct detection of miRNA was
constructed. MiRNA-7f caused a large quantity of CdS QDs to break
away from the SWCNTs-COOH after hybridizing with a target DNA
probe, resulting in a decrease in the photocurrent. Combined with
cyclic enzymatic amplification, the photoelectrochemical biosensor
exhibited good analytical performance for the detection of miRNA-7f.
Because different probes can specifically bind to different miRNAs,
the designed strategy has an expansive perspective of applica-
tions to detection of other miRNAs and for the construction of
versatile photoelectrochemical platforms. Nevertheless, realizing
simultaneously multiplex miRNAs analysis in real samples will
be the biggest challenge.
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