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ABSTRACT: Nucleic acid/semiconductor quantum dots (QDs) hybrid systems
combine the recognition and catalytic properties of nucleic acids with the unique
photophysical features of QDs. These functions of nucleic acid/QDs hybrids are
implemented to develop different optical sensing platforms for the detection of DNA,
aptamer—substrate complexes, and metal ions. Different photophysical mechanisms
including fluorescence, electron transfer quenching, fluorescence resonance energy
transfer (FRET), and chemiluminescence resonance energy transfer (CRET) are used to
develop the sensor systems. The size-controlled luminescence properties of QDs are
further implemented for the multiplexed, parallel analysis of several DNAs, aptamer—
substrate complexes, or mixtures of ions. Similarly, methods to amplify the sensing
events through the biocatalytic regeneration of the analyte were developed. An
additional paradigm in the implementation of nucleic acid/QDs hybrids for sensing
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applications involves the integration of the systems with electrodes, and the generation of photocurrents as transduction signals
for the sensing events. Finally, semiconductor QDs conjugated to functional DNA machines, such as “walker” systems, provide
an effective optical label for probing the dynamics and mechanical functions of the molecular devices. The present article
addresses the recent advances in the application of nucleic acid/QDs hybrids for sensing applications and DNA nanotechnology,

and discusses future perspectives of these hybrid materials.

KEYWORDS: quantum dot, DNA, nucleic acid, sensor, fluorescence, chemiluminescence, photoelectrochemistry

1. INTRODUCTION

Semiconductor quantum dots (QDs) provide a new class of
nanomaterials that reveal unique optical and electronic
properties." The chemistry and physics of QDs attracted
substantial experimental and theoretical research efforts in the
past two decades.>® These studies have involved the
development of synthetic methodologies for the preparation
of different sized and shaped semiconductor QDs,” ** the
surface modification of the QDs with molecular or
biomolecular components,'*~** the theoretical understanding
of the optical, electronic and photophysical properties of the
QDs,"**™* and the application of the QDs in different
disciplines. Different applications of semiconductor QDs were
reported, including their use for energy conversion and
storage,so_53 fabrication of optoelectronic devices,>* photo-
catalysis,>> > and particularly, sensor applications.’”®" The
rapid advances in the chemistry and physics of semiconductor
QDs and their different applications were addressed in several
review articles.®' 7

The unique photophysical and chemical properties of
semiconductor QDs are reflected by the following: (i) The
efficient luminescence quantum yields, high brightness, and the
stability of the QDs against photobleaching. (i) The size- and
shape-controlled luminescence properties of QDs originating
from the quantum confinement of the electrons in the
nanostructures. This allows the implementation of the same
material as optical label for the parallel (multiplexed) analysis of
different analytes. (iii) The luminescence spectra of the QDs
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reveal, usually, narrow emission bands and large Stokes shifts.
This allows the effective coupling of the emitted light to other
fluorophores or QDs. (iv) In contrast to organic fluorophores
or transition metal complexes that exhibit broad absorbance
bands and require specific wavelength excitation, QDs can be
excited by a common high-energy excitation wavelength,
leading to the size-controlled luminescence. This allows the
multiplexed detection of analytes through excitation of different
sized QDs at a single wavelength, while designing sensing
platforms with low background interferences. (v) The capping
layer stabilizing the QDs can be used as a functional interface
for the tethering of chemical recognition sites. This is
particularly important for QDs stabilized in aqueous media
that allows the attachment of biological recognition sites
(nucleic acids, antibodies, enzymes) and the development of
bioanalytical sensing platforms in aqueous environments.

The optical functions of semiconductor QDs originate from
the photoexcitation of the QDs and the transfer of valence-
band electrons to the conduction-band. The resulting
electron—hole species may then be utilized by different
mechanisms for sensing applications, as schematically outlined
in Figure 1. The radiative recombination of the electron—hole
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Figure 1. Schematic representation of different QD-based sensing
configurations using (a) luminescence, (b) electron transfer, ET, (c)
FRET, or (d) photocurrent generation as readout signals.
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pair leads to the luminescence of the QDs, Figure 1, path (a).
Nonetheless, in the presence of electron acceptors or electron
donors the electron transfer (ET) of conduction band electrons
to the acceptor units (or the donation of electrons by the
donors to the valence band holes) might proceed, Figure 1,
path (b). This separates the electron—hole pairs and leads to
the quenching of the luminescence of the QDs via electron
transfer involving secondary chemical components. Alterna-
tively, the emitted luminescence from the QDs may provide an
energy source for the fluorescence resonance energy transfer
(FRET) and the excitation of a secondary chromophore, Figure
1, path (c). Finally, the integration of the QDs with an
electrode surface might lead to the injection of the photo-
excited conduction-band electrons to the electrode and to the
generation of photocurrents as a result of a recognition event,
Figure 1, path (d).

For the operation of the electron transfer quenching
mechanism the redox potential energy levels of the electron
acceptor (or the redox levels of the electron donor) must be
appropriately aligned in respect to the redox potential of the
conduction-band (or valence-band), to allow downhill electron
transfer processes. The rate-constant for electron transfer from
the QDs to an electron acceptor (or the rate constant for
transferring the electron from a donor to the valence-band
holes) is given by eq 1, where R, and R correspond to the van
der Waals distance and actual distance separating the electron
acceptor (or electron donor) and the QDs, /3 is the electronic
coupling constant, AG® is the free energy change associated
with the electron transfer, and A is the reorganization energy
accompanying the electron transfer process.

1 o—(AG'+2)* /4niT
JATAKT (1)

The fluorescence resonance energy transfer (FRET) is a further
photophysical mechanism to follow recognition events, and
particularly useful to probe the dynamics of the formation of
recognition complexes. The FRET process involves dilpole—
dipole interactions between a donor—acceptor pair.” The
process is sensitive to the distance separating the donor—
acceptor pair, and thus provides a versatile spectroscopic tool to
follow recognition events at intimate contact. The FRET
efficiency, E, between a donor—acceptor pair separated by the
distance r is given by eq 2, where R, is the Forster radius that is
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calculated by eq 3, where K is a relative orientation parameter
of the two dipoles (K* is 2/3 for two randomly oriented
dipoles), QYp, corresponds to the luminescence quantum yield
of the donor fluorohpore, n is the refractive index of the system,
and J(A) represents the spectral overlap integral between the
emission spectrum of the donor and the absorbance spectrum
of the acceptor. The overlap integral is calculated using eq 4,
where €,(1) is the extinction coefficient of the acceptor, and
Fp(A) corresponds to the normalized emission spectrum.
Typical Forster distances separating the donor and the acceptor
range between 2 and 8 nm. FRET signals are detectable up to
about twice the Forster distance separating the donor—acceptor
pair. If, however, the acceptor unit is tethered to n X donor
sites, the FRET efficiency increases and is given by eq S. The
different photophysical quenching mechanisms of the QDs by
the electron acceptors (electron transfer (ET) or FRET) are
distance-dependent, yet they show different distance-dependent
functions. Although the electron transfer quenching process is
effective at short distances separating the QDs and acceptor
pairs, the FRET quenching mechanism may proceed at larger
distances, provided that the donor exhibits a high luminescence
quantum yield, and provided that an efficient spectral overlap
between the donor emission and acceptor absorbance exists.
This implies that the capping layer associated with the QDs
should comply with the photophysical mechanism selected for
the development of the specific sensor.
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The present article addresses recent advances in the application
of semiconductor QDs in DNA nanotechnology, and
particularly, the application of nucleic acid/QDs hybrid systems
for sensing, and specifically, for bioanalytical applications in
medicine. The base sequences in nucleic acids encode
functional information in the biopolymers. Besides instructive
base-pairing leading to duplex DNA structures, catalytic and
recognition properties can be encoded into the nucleic acid
sequences. Sequence-specific nucleic acids exhibiting specific
binding sites for low-molecular-weight substrates,”>~"*
molecules, e.g, proteins, or whole cells (aptamers) can be
elicited by the Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) process.”””’* Similarly, numerous
catalytic nucleic acids (DNAzymes) duplicating native enzymes
or catalyzing new chemical transformations were devel-
oped.””"” Also, natural or synthetic pyrimidine and purine
bases bind metal ions,”® % e.g, formation of thymine-Hg**-
thymine complexes,”®”® and such complexes can participate
cooperatively in the formation, and stabilization, of duplex
nucleic acid structures. In addition, molecular entities, such as
redox-active compounds can intercalate into duplex DNA
structures,*> ™% and single-stranded nucleic acids might form
functional nanostructures capable of binding redox-active
compounds, e.g, hemin/G-quadruplexes.**®” These unique
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features of nucleic acids provide a rich “toolbox” for the
construction of sensor devices. The construction of nucleic
acid-modified QDs as functional hybrid systems for sensing is
dictated, however, by the nature of the target analyte and
desirable sensitivity. Although the analysis of genes requires low
detection limits, in the range of pM and lower, higher detection
limits for certain biomarkers may be acceptable. These
considerations, and particularly, development of application
paths, should be taken into account upon developing the
different QD-based sensors.

2. QD/NUCLEIC ACID CONJUGATES FOR THE
DEVELOPMENT OF LUMINESCENT SENSORS

The unique luminescence properties of semiconductor QDs,
and particularly, the size-controlled luminescence features of
the QDs were used to develop DNA sensors by implementing
the QDs as luminescent labels, and specifically, to design
multiplexed DNA analysis platforms using different sized QDs
as labels. For example, the sandwich assay using an array of
nucleic acid probes for different targets was applied for the
multiplexed analysis of different DNAs, Figure 2. Three
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Figure 2. Application of different-sized QDs as signaling labels for
multiplexed DNA hybridization and analysis on microarrays.

different probes, (1), (2), and (3), were used to analyze
three different targets. The principle is depicted for analyzing
the target (4) by probe (1). The hybridization of the target
with the probe is followed by the “sandwich-type” hybridization
of the nucleic acid (5)-modified 490 nm emitting QDs to the
free single-stranded tether of the analyte. The other targets are,
similarly, imaged by the respective probes by implementing
different sized QDs emitting at 520 and 560 nm. Examples
include the parallel analgfsis of hepatitis B and C with different
sized CdSe/ZnS QDs.** Similarly, the p33 gene was detected
within minutes in the presence of a background mixture
consisting of single-nucleotide polymorphic sequences, using
the specific nucleic acid-modified QDs that hybridize with the
p53 oncogene.*® Other related configurations® have been
implemented for the multiplexed analysis of RNA target.
These different assays utilize the luminescence features of the
QDs as reporting signals. Nonetheless, by the implementation
of additional photophysical mechanisms, involving QDs, such
as the electron transfer quenching of QDs, the fluorescence
resonance energy transfer process in the presence of QDs, or
the chemiluminescence resonance energy transfer process to
QDs, sensing platforms of enhanced complexity might be
envisaged. Particularly, the dynamics of hybridization and
enzyme/DNAzyme-driven recognition processes involving
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nucleic acids might be followed by such photophysical
mechanisms. Furthermore, the QDs might act as an optical
carrier for numerous probe units, and thus, the development of
enzyme-driven regeneration processes of the target on the QDs
might lead to the sequential autonomous utilization of the
numerous probe units associated with the QDs. Such
biocatalytic mechanisms could provide amplification paths for
the detection of DNA as aptamer/substrate complexes. These
issues are discussed in the subsequent subsections.

2.1. Sensing and Multiplexed Analysis of DNA and
Aptamer—Substrate Complexes by Electron Transfer,
FRET, and CRET Quenching Mechanisms. Several studies
have implemented the electron transfer quenching mechanism
of QDs for the development of QD-based sensing platforms.
The anticancer drug mitoxantrone, MTX, (6), adsorbs to CdTe
QDs, leadin(g to their quenching by an electron transfer
mechanism.”’ In the presence of a duplex DNA, desorption of
the drug from the QDs proceeds through the intercalation of
the drug in the duplex DNA, Figure 3A. This leads to the
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Figure 3. (A) Following the interaction of an anticancer drug and a
duplex DNA using QDs as luminescent probes and electron transfer as
sensing mechanism. (B) Luminescence spectra corresponding to the
restoration of the luminescence of the QDs in the presence of (6) by
the addition of different concentrations of calf thymus DNA that bind
(6) and removes it from the surface of the QDs: (a) 0, (b) 0.81, (c) 2,
(d) 4.1, (e) 82, (f) 122, (g) 16.2, (h) 24.6, (i) 32.5, and (j) 40.6 uM.
Adapted with permission from ref 90. Copyright 2009 American
Chemical Society.

activation of the luminescence of the QDs, Figure 3B. Although
the method does not reveal high sensitivity (100 nM to 4.5
uM), the system may be useful for screening anticancer drugs,
and for probing drug—DNA interactions. The intercalation of
the anticancer drug doxorubicin, (7), into duplex nucleic acid
structures, and the electron transfer quenching of CdSe/ZnS
QDs by the intercalated doxorubicin, provided a general
mechanism for the development of DNA sensors and
aptasensors.m The binding of a target DNA, (8), to the
complementary probe nucleic acid, (9)-functionalized CdSe/
ZnS QDs, followed by the intercalation of doxorubicin to the
resulting hybrids, resulted in the quenching of the luminescence
of the QDs, Figure 4A, B. The method enabled the detection of
the target DNA with a sensitivity corresponding to 10 nM. This
electron transfer quenching mechanism was further imple-
mented to develop QD-based aptasensors.”* For example, the
anti-thrombin aptamer nucleic acid sequence, (10), was linked
to CdSe/ZnS QDs, Figure 4C, and the aptamer sequence was
blocked by a complementary nucleic acid, (11). The
intercalation of doxorubicin into the blocked duplex structure
(10)/(11) led to the electron transfer quenching of the QDs.
In the presence of thrombin, the blocker units were separated
from the aptamer chains, due to the formation of the aptamer—
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Figure 4. (A) Sensing the target DNA (8) by the probe nucleic acid (9)-modified QDs, using doxorubicin (7) as an electron transfer quencher for
the luminescence of the QDs. Inset: Energy level diagram corresponding to the electron transfer quenching of the CdSe/ZnS QDs by (7). (B) Time-
dependent quenching of the luminescence of the QDs upon interaction with the DNA analyte (8), 1 X 10~* M, in the presence of (7), 1 X 10~® M:
(a) at t = 0 (b) after t = 1 h; time-intervals between the recorded curves corresponded to S min. Inset: Calibration curve corresponding to the
increase of the luminescence of the QDs in the presence of different concentrations of (8) after a fixed time interval of 1 h. (C) Analysis of thrombin
through the separation of (7) from the (10)/(11) duplex DNA associated with the QDs through the formation of the aptamer-thrombin complex.
(D) Time-dependent luminescene increase upon interaction of the (7)/(10)/(11) structure with thrombin, 10 nM. The time interval between
recorded curves corresponded to 4 min. Inset: Calibration curve corresponding to the luminescence quenching of the QDs in the presence of
different concentrations of thrombin after a fixed time interval of 30 min. (E) Analysis of telomerase by following the hybridization of nucleic acid
units complementary to the elongated telomere repeat units, by the intercalation of (7) into the resulting duplex structure, resulting in the quenching
of the luminescence of the QDs. Reprinted with permission from ref 91. Copyright 2011 Elsevier.

thrombin complex that revealed enhanced stability. The
separation of the blocked duplex structure releases the
intercalated doxorubicin, thus triggering-on the luminescence
of the QDs, Figure 4D. This method enabled the analysis of
thrombin with a detection limit corresponding to 10 nM. A
further application of the doxorubicin-stimulated electron
transfer quenching of the CdSe/ZnS QDs was demonstrated
with the analysis of telomerase originating from 293T cancer
cell extracts,”* Figure 4E. According to this method, the primer,
(12), was elongated by the telomerase in the presence of the
dNTPs mixture, to yield the telomere chains consisting of the
constant repeat units. The hybridization of nucleic acid
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sequences (13) complementary to the telomere repeat units,
and the subsequent intercalation of doxorubicin into the
resulting duplex structures, led to the quenching of the
luminescence of the QDs. The method enabled the analysis
of telomerase that originated from 269 cells/uL.

A further general QD-based sensing platform involving
electron transfer quenching relies on the discovery that the
hemin/G-quadruplex nanostructure quenches the luminescence
of CdSe/ZnS QDs via an electron transfer mechanism,” Figure
SA). Accordingly, a DNA sensor was designed by the
immobilization of a hairpin structure (14) on CdSe/ZnS
QDs, Figure SB. This hairpin structure includes a recognition
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Figure 5. (A) Electron transfer quenching of the luminescence of
CdSe/ZnS QDs by the hemin/G-quadruplex. Inset: The appropriate
energy levels diagram of the components associated with the electron
transfer quenching mechanism. (B) Optical sensing of DNA by a
hairpin-modified QDs. Opening of the hairpin by the target leads to
self-assembly of the hemin/G-quadruplex that quenches the
luminescence of the QDs through an ET process. (C) Optical sensing
of AMP by the CdSe/ZnS QDs modified with the hemin/G-
quadruplex-aptamer hairpin nanostructure. Adapted with permission
from ref 92. Copyright 2010 American Chemical Society.

sequence (I) for the target DNA, and the G-quadruplex
sequence (II), in a caged configuration in the stem region. In
the presence of the target, (15), the hairpin structure opens,
while assembling the hemin/G-quadruplex quencher. As the
surface coverage of the QDs by the hemin/G-quadruplex
quencher units is controlled by the concentration of the target
DNA, the luminescence quenching of the QDs provides a
quantitative readout signal for the concentration of the target
DNA (detection limit 10 X 107> M). This method was further
extended to develop an aptamer sensor configuration. This was
exemplified with the CdSe/ZnS QDs analysis of adenosine
monophosphate, AMP, Figure SC. A hairpin structure (16)
composed of the AMP aptamer recognition sequence (region I)
and a caged G-quadruplex sequence (II) was linked to the
CdSe/ZnS QDs. The AMP-stimulated opening of the hairpin
through the formation of the AMP-aptamer complex resulted in
the self-organization of the hemin/G-quadruplex nanostruc-
tures, leading to the electron transfer quenching of the QDs.
Fluorescence resonance energy transfer (FRET) provides a
general mechanism for the detection of DNA. Molecular
beacon (MB) nanostructures were functionalized at their ends
with CdSe/ZnS QDs and quencher units, respectively, Figure
6A. The steric proximity between the QDs and the quencher
units led to the effective quenching of the luminescence of the
QDs. The loop region of the hairpin structure of the MB
included the recognition sequence for the target. In the
presence of the analyte DNA, hybridization of the target to the
loop region opened the hairpin structure, resulting in the spatial
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Figure 6. (A) DNA molecular beacon functionalized with QD and
quencher units. Opening of the beacon by hybridization of the target
turns-on the fluoresence of the QDs. (B) Fluoresence intensities: 4
without target DNA, Bl with target DNA, A noncomplementary target
DNA (NST), X single-base mismatched target DNA (SMT).
Reprinted with permission from ref 94. Copyright 2007 IOP
Publishing.

separation of the QDs from the quencher units, leading to the
triggering-on of the luminescence of the QDs.”*~”° For
example, the CdSe/ZnS QDs linked to the 5'-end of the
hairpin structure were quenched by BHQ-2 acid linked to the
3’-end of the nanostructure, and the assembly was used to
analyze a target DNA and to detect single-base mismatches,”
Figure 6B. Similarly, different sized QDs were used to bind
three different hairpin probes for analyzing three different DNA
targets. By the functionalization of all hairpins with a versatile
black hole quencher (BHQ-2), the luminescence of all QDs
was quenched. In the presence of the specific analytes, the
targeted selective opening of the respective hairpin occurred,
leading to the switching-on of the luminescence of the
respective QDs, thus demonstratmg the multiplexed analysis
of DNAs by the different sized QDs.”*

A related FRET-based DNA detection scheme has
implemented two probe subunits (17) and (18), comple-
mentary to the target DNA (19), where probe (17) was
functionalized with CdSe/ZnS QDs and probe (18) was

dx.doi.org/10.1021/am30318%h | ACS Appl. Mater. Interfaces 2013, 5, 2815—2834



ACS Applied Materials & Interfaces

modified with the CyS-dye acceptor,”® Figure 7A. The two
probes being separated in solution do not lead to a FRET
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Figure 7. (A) Sensing of a target DNA by hybridizing to two probe
DNA strands modified, one with a QD donor and the other with a
FRET acceptor, resulting in the FRET process. (B) Normalized
fluorescence spectra of the (17)-modified QDs, 0.2 M, CyS-modified
(18), S uM, (a) prior to the interaction with the target DNA (19). (b)
After treatment of the components (17) and (18) with the target
DNA (19), 5 X 107 M. Reproduced with permission from ref 96.
Copyright 2012 (Royal Society of Chemistry).

(b)

normalized intensity

signal, but in the presence of the analyte. The hybridization of
the two probes with the DNA analyte, however, yield a
tricomponent complex with spatial proximity between the QDs
and the CyS dye, thus leading to an effective FRET signal,
Figure 7B.

A different QD-based DNA sensing platform has imple-
mented a FRET-cascade as readout mechanism,”” Figure 8A.
The system consists of negatively charged carboxylic acid-
functionalized CdTe QDs, the positively charged fluorescent
conjugated polymer, poly [9,9-bis(N,N-bimethyl)-N-ethylam-
monium propyl), 2,7-fluorene-1,4-phenylene dibromide,
PDFD, (20) and the IRD-700-functionalized nucleic acid,
(21), that is complementary to the target DNA (22). The
PDFD polymer coats the negatively charged QDs via
electrostatic interactions. In the presence of the analyte DNA,
the duplex generated between the IRD 700-functionalized
probe and the target, binds to the PDFD/CdTe QDs hybrid,
resulting in a functional nanostructure that leads to a FRET
cascade that reports on the formation of the duplex between
the analyte and the IRD-700 reporter nucleic acid, Figure 8B. In
this system, the primary FRET process (FRET 1) involves
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Figure 8. (A) Analysis of DNA by a two-step cascaded FRET using
negatively charged QDs coated by the positively charged PDFD
polymer chromophore that binds electrostaticly the dye-labled nucleic
acid that hybridized with the target. (B) Fluoresence spectra observed
upon analysis of different concentrations of the target DNA by the
QDs/PDFD hybrid and the dye-functionalized nucleic acid as
reporter. Reprinted with permission from ref 97. Copyright 2009
American Chemical Society.

energy transfer from PDFD to the QDs. The internally excited
QDs stimulate then the secondary FRET process (FRET 2) to
the IRD dye that emits at A = 720 nm. This FRET cascade
enabled the analysis of the analyte DNA with a detection limit
corresponding to 1 nM.”

An interesting, recently reported, FRET-based analysis of
DNA made use of the fact that the single-stranded DNA binds
to graphene oxide layers, whereas duplex DNA structures lack
affinity for the graphene oxide.”*™'°" Accordingly, CdTe QDs
were functionalized with a nucleic acid probe (23) that is
complementary to the target DNA (24). In the absence of the
target, the QDs bind to the surface of the graphene oxide,
leading to the luminescence FRET quenching of the QDs by
the graphene oxide, Figure 9A. In the presence of the analyte,
formation of the duplex on the QDs prohibits the association of
the probe-functionalized QDs to the graphene oxide matrices,
thus leading to the triggered-on luminescence of the QDs. As
the formation of the duplex structure on the QDs is controlled
by the concentration of the target DNA, the resulting
luminescence relates to the concentration of the analyte
DNA,'” Figure 9B.

The FRET mechanism was also implemented to detect the
formation of aptamer—substrate complexes by means of QDs
probes. One approach has involved the modification of the
QDs with the aptamer sequence (25) and its blocking by a
complementary nucleic acid modified with a FRET quencher
unit,'” (26), Figure 10A. Formation of the blocked aptamer
duplex resulted in the quenching of the luminescence of the
QDs. In the presence of the aptamer substrate, however, the
duplex separates, while forming the energetically stabilized
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Figure 9. (A) Detection of a target DNA (24) using probe-
functionalized QDs and graphene oxide as FRET quencher. (B)
Fluorescence spectra of the (23)-modified QDs after interaction of the
QD-functionalized graphene oxide with different concentrations of the
target DNA (24). Inset: Calibration curve corresponding to the
fluorescence increase of the QDs in the presence of different

concentrations of the target DNA. Reproduced with permission
from ref 102. Copyright 2012 Wiley—VCH.

aptamer—substrate complex. This process removes the
quencher units from the QDs, thus triggering-on the
luminescence of the QDs. This approach was successfully
applied to detect thrombin with a detection limit corresponding
to 10 nM.'® A different method to follow the formation of
aptamer—substrate complexes included the application of the
“split aptamer” approach, Figure 10(B). According to this
method, the aptamer is divided into two subunits (27) and
(28). ALthough one subunit is attached to the QDs (CdSe/
ZnS), the other subunit was modified with the FRET dye
acceptor. In the presence of the analyte, the subunits assemble
into the aptamer-analyte complex, leading to the FRET from
the QDs to the fluorophore acceptor and to the fluorescence
signal of the dye acceptor. This method was successfully
implemented to analyze cocaine, Figure 10(C), with a detection
limit that corresponded to 1 X 107 M.'**

The use of a duplex specific intercalating dye that acts as
FRET acceptor from photoexcited QDs was, also, implemented
to follow the formation of aptamer—substrate complexes. This
has been exemplified with the sensing of thrombin using
BOBO-3 (29) as FRET acceptor from CdSe QDs,'® Figure
10D. The 565 nm emitting QDs were functionalized with a
hairpin DNA (30) that acts as probe for analyzing thrombin.
The single-stranded loop region of the hairpin includes the
aptamer sequence for binding the thrombin analyte, while the
stem duplex domain intercalates BOBO-3. In the absence of the
analyte, the FRET process from the QDs to BOBO-3 proceeds,
leading to the quenching of the luminescence of the QDs and
the activation of the fluorescence of BOBO-3. Opening of the
hairpin structure through the formation of the aptamer/
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Figure 10. (A) Optical analysis of thrombin by the formation of the
aptamer—thrombin complex and the separation of the quencher-
nucleic acid blocking unit. (B) Analysis of cocaine by QD/dye aptamer
subunits and the implementation of the FRET mechanism. (C) Time-
dependent FRET spectra corresponding to the dynamics of the self-
assembly of the cocaine-aptamer. Inset: Calibration curve correspond-
ing to the luminescence quenching degree of the QDs by different
concentrations of cocaine. (D) Detection of thrombin using a caged-
aptamer hairpin modified-QDs and the DNA intercalator BOBO-3.
Thrombin binding induces the formation of the aptamer-thrombin
complex, leading to the opening of the hairpin and to the release of the
BOBO-3 dye units, resulting in the increase of the luminescence of the
QDs. B and C are reproduced with permission from ref 104. Copyright
2009 Royal Society of Chemistry. D is reprinted with permission from
ref 10S. Copyright 2011 Elsevier.

thrombin complex separates the duplex region of the stem, thus
leading to the dissociation of BOBO-3. This process eliminates
the FRET process, whereas triggering-on the luminescence of
the QDs.

A closely related photophysical mechanism for the develop-
ment of sensors and aptasensors has involved the chemilumi-
nescence resonance energy transfer (CRET) process. This
mechanism involves the transfer of chemically generated
chemiluminescence energy to the QDs, resulting in the
photoexcitation of the QDs and their radiative luminescence
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as a result of the electron—hole recombination. This method
made use of the fact that the hemin/G-quadruplex acts as a
horseradish peroxidase-mimicking catalytic nucleic acid,
DNAzyme, that catalyzes the oxidation of luminol by H,O,,
with the concomitant generation of chemilumines-
cence. 587106107 Accordingly, the hemin/G-quadruplex was
covalently linked to the CdSe/ZnS QDs,'*® Figure 11A. The
chemiluminescence generated by the hemin/G-quadruplex
DNAzyme stimulated the CRET process reflected by the
activation of the luminescence of the QDs at, 1 = 620 nm,
Figure 11B. This DNAzyme-stimulated CRET process was
then implemented to develop a DNA sensing platform, Figure
11C. The CdSe/ZnS QDs were functionalized with a
nanoengineered hairpin structure, (31), that included, in its
single-stranded loop region, the recognition sequence for the
analyte, (32), and in its duplex stem region the G-quadruplex
sequence in a “caged” inactive configuration. In the presence of
the analyte, (32), the hairpin structure was opened, resulting in
the self-organization of the hemin/G-quadruplex. The
DNAzyme-stimulated CRET process to the QDs resulted in
the luminescence of the QDs. As the analyte concentration
controls the content of the chemiluminescence-generating
DNAzyme units, the resulting CRET signal of the QDs relates
to the concentration of the analyte, Figure 11D. This method
enabled the analysis of DNA with a detection limit
corresponding to 10 nM. The advantage of this sensing
platform is reflected by a very low background signal, since the
luminescence of the QDs is activated only upon opening the
probe hairpin structure, a process that generates the internal
radiation source for the photoexcitation of the QDs.

This method was further developed for the multiplexed
parallel analysis of several DNA targets,"® Figure 12A. The
analytical platform made use of the size-controlled lumines-
cence of the QDs (quantum size effect). Accordingly, three
different sized CdSe/ZnS emitting at 490, 560, and 620 nm
were functionalized with different hairpin nanostructures (31),
(33), and (34). These hairpins included in their single-stranded
loop regions the specific recognition sequences complementary
to the three target DNAs, (32), (35), and (36), while all
hairpin structures included in their stem region the G-
quadruplex sequence in an inactive “caged” configuration. In
the presence of the respective DNA analytes, the target hairpins
were opened, resulting in the self-organization of the hemin/G-
quadruplex DNAzyme structure, and the selective activation of
the CRET process on which the opening of the hairpin
occurred, Figure 12B. By this method, and using the mixture of
different sized QDs functionalized with the different hairpin
structures, the multiplexed analysis of the different DNAs was
demonstrated.'®

The hemin/G-quadruplex DNAzyme-stimulated CRET
process to the QDs was further imoplemented to develop a
new QD-based aptasensor paradigm,'® Figure 13(A). The anti-
ATP aptamer was cleaved into two aptamer subunits (37) and
(38) that were further elongated each by the hemin/G-
quadruplex subunit sequences. The 3'-end of subunit (37) was
covalently linked to CdSe/ZnS QDs. While in the absence of
ATP the subunits (37) and (38) are separated, in the presence
of ATP the subunits form the respective aptamer-subunits/ATP
complex that is cooperatively stabilized by the hemin/G-
quadruplex conjugated to the two aptamer subunits. The
hemin/G-quadruplex-catalyzed generation of chemilumines-
cence triggered-on the CRET process to the QDs, resulting
in the luminescence of the QDs. This method enabled the
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Figure 11. (A) Chemiluminescence resonance energy transfer
(CRET) stimulated within the hemin/G-quadruplex QDs hybrid
nanostructure in the presence of luminol/H,0,. (B) Luminescence
spectra corresponding to the CRET signal of the QDs. (C) Analysis of
a target DNA by the CRET process from luminol/H,0, to the QDs,
by the assembled hemin-G-quadruplex catalyst. (D) Luminescence
spectrum corresponding to the CRET signal of the QDs in the
absence of (32), curve (1), and in the presence of (32): (2) 10, (3) 25,
(4) 50, and (S) 100 nM. Reprinted with permission from ref 108.
Copyright 2011 American Chemical Society.

analysis of ATP with a detection limit that corresponded to
125 x 107 M.'%® Many aptamer sequences adopt a G-
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Figure 12. (A) Multiplexed analysis of three different target DNAs
based on the CRET sensing scheme using three different sized QDs
emitting at: (a) 4 = 620 nm, (b) 4 = 560 nm, (c) A = 490 nm. (B) The
luminescence spectra corresponding to the CRET luminescence
signals of the QDs mixture: (1) in the absence of the different DNA
targets, (2) in the presence of (35), (3) in the presence of (32), (4) in
the presence of (36), (S) in the presence of all three targets, (32),
(35), and (36). Reprinted with permission from ref 108. Copyright
2011 American Chemical Society.

quadruplex structure upon the formation of the aptamer—
substrate complex.'®”"'% Thus, the labeling of the aptamer with
a QD and the implementation of the resulting G-quadruplex as
a host nanostructure for hemin, could yield a functional
nanoreactor that generates the CRET process as transduction
signal for the analysis of the specific substrate. This has been
demonstrated with the optical analysis of the Vascular
Endothelial Growth Factor (VEGF), Figure 13B. The VEGF
describes a family of proteins of different molecular masses that
result from alternative gene splicing of the VEGF gene. The
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Figure 13. (A) Analysis of ATP through the hemin/G-quadruplex-
stimulated generation of chemiluminescence and the CRET-induced
generation of luminescence of the QDs. (B) Analysis of VEGF,4 by
the aptamer-modified QDs through the folding of the aptamer into a
hemin/G-quadruplex catalytic nanostructure upon the formation of
the aptamer/VEGF 45 complex. The resulting catalyzed generation of
chemiluminescence triggers-on the luminescence of the QDs. (C)
Luminescence spectra corresponding to the chemiluminescence signal
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Figure 13. continued

of the luminol and the CRET signal of the QDs. Inset: The CRET
luminescence signals of the QDs in the absence of VEGFg;, curve (a),
and in the presence of different concentrations of VEGF;: (b) 8.75 X
1070 M, (c) 1.75 x 10™° M, (d) 8.75 X 1072 M, (e) 1.4 X 107* M, (f)
1.75 x 10 M, and (g) 8.75 X 107 M. A is reprinted with permission
from ref 108. (D) The resulting calibration curve. Copyright 2011
American Chemical Society. B—D are reprinted with permission from
ref 117. Copyright 2012 American Chemical Society.

major expressed monomer variants are composed of 121, 145,
165, 189, and 206 amino acids.''* The VEGF growth factor is
an important regulator of angiogenesis by activating the VEGF-
receptor tyrosine kinase in endothelial cells.''"'"> VEGF
induces early embryogenesis through vasulogenesis (blood
vessel formation) and angiogenesis (extension of existing blood
vessels).'"> The overexpression or down regulation of VEGF
are associated with various diseases, such as cancer, neurological
disorders, brain injuries, Parkinson’s disease, Alzheimer’s
disease, diabetes mellitus, and psoriasis,]M_116 and therefore
is an important biomarker. CdSe/ZnS were functionalized with
the anti-VEGF, 4 aptamer (39). In the presence of VEGF, 4 the
aptamer folded into the G-quadruplex while binding to
VEGF 4. The resulting G-quadruplex provided a host
nanostructure for the association of hemin, and the resulting
hemin/G-quadruplex catalyzed the generation of chemilumi-
nescence and the subsequent activation of the luminescence of
the QDs by the CRET process, Figure 13C. The resulting
calibration curve depicting the CRET-stimulated luminescence
intensities at variable concentrations of VEGF is shown in
Figure 13D. This sensing platform enabled the analysis of
VEGF 4 with a detection limit that corresponded to 8.75 X
10710 p 17

2.2. QDs/Metal NPs/Nucleic Acid (NA) Nanostructures
for Optical Sensing. The mechanisms of quenching of
semiconductor QDs by metallic nanoparticles (NPs) attracted
substantial experimental and theoretical research efforts."'®"'"?
Specifically, the quenching of the QDs may proceed by an
electron transfer route or a resonance energy transfer path,
depending on the composition and size of the metallic
NPs.'*°~"*% By the conjugation of nucleic acids to the QDs/
metal NPs nanostructure, functional hybrid systems for sensing
applications were developed.

The quenching of the luminescence of a nucleic acid-
functionalized QDs upon the formation of a duplex structure
with the complementary nucleic acid-functionalized Au NPs
was demonstrated'**'*® and provided the basis for the
development of a DNA sensing platform in solution and on
surfaces.'”* The addition of the nucleic acid analyte to the
hybrid structure composed of the nucleic acid-functionalized
QDs hybridized with the complementary nucleic acid-modified
Au NPs resulted in the strand displacement and the separation
of the duplex QDs/Au NPs structure, Figure 14A. While in the
QD/Au NP hybrid the luminescence of the QDs is quenched,
the separation of the hybrid by the analyte triggered-on the
luminescence of the QDs, Figure 14B.

The quenching of semiconductor QDs by metallic NPs was
further implemented to develop optical aptasensors, and for the
multiplexed analysis of analytes using different sized QDs.">*"*
Au NPs were modified with a nucleic acid tag, (40), and the
anti-adenosine monophosphate aptamer sequence conjugated
to a tether sequence complementary to the tag, (41), was
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Figure 14. (A) Sensing of a target DNA by a competitive assay using
unlabeled and Au-NP-labeled nucleic acid and QDs modified with a
complementary nucleic acid. (B) Luminescence spectra corresponding
to (i) the luminescence of the nucleic-acid modified QDs; (ii) the
luminescence of the nucleic-acid modified QDs in the presence of Au
NP-modified nucleic acid; (i) the luminescence of the nucleic-acid
modified QDs in the presence of Au NP-modified nucleic acid and the
target DNA; (iv) the luminescence of the nucleic-acid modified QDs
in the presence of the target DNA. Reproduced with permission from
ref 124. Copyright 2005 Royal Society of Chemistry.

hybridized with the tag nucleic acids linked to Au NPs. The
association of the thiolated nucleic acid (42)-linked to Au NPs
and of the biotinylated nucleic acid (43) linked to the QDs
through the aptamer chains, resulted in the aggregation of the
Au NPs and the conjugated QDs, leading to the quenching of
the luminescence of the QDs, Figure 15A. In the presence of
the adenosine substrate, the adenosine-aptamer complex
releases the QDs from the aggregate, leading to the
luminescence of the QDs. By the application of two different
sized QDs that include the antiadenosine and anticocaine
aptamer sequences, respectively, the multiplexed analysis of the
two analytes was demonstrated,"*® Figure 15B.

Also, composite QDs/Au NPs/nucleic acid hybrids were
used for the analysis of Hg®" ions. CdSe/ZnS QDs were
modified with the nucleic acid (44), and Au nanoparticles were
functionalized with the nucleic acid (45).'*® The nucleic acids
(44) and (45) exhibit partial complementarity and T—T
mismatches that prohibit the formation of stable duplexes
between the QDs and the Au nanoparticles. In the presence of
Hg*" ions, the duplex formation between the strands (44) and
(45) is, however, assisted through the cooperative stabilization
by T- Hg**-T bridges, leading to the aggregation of the QDs
and Au nanoparticles, Figure 16A. The fluorescence resonance
energy transfer quenching of the QDs by the Au nanoparticles
leads to the luminescence decay of the QDs, Figure 16B. This
method enabled the selective analysis of Hg** ions with a
detection limit corresponding to 1 nM. The system was
successfully applied to analyze Hg?* contaminants in river
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Figure 15. (A) Analysis of adenosine monophosphate (AMP) by
fluorescence quenching of Au NPs modified with the functionalized
QDs by gold nanoparticles. The anti-adenosine monophosphate
aptamer (41) bridges the CdSe QD functionalized with nucleic acid
(43) and the nucleic acid (40) to form the respective aggregate. Upon
analysis of AMP, the aggregate is separated, and the fluorescence of the
QDs is switched on. (B) The fluorescence spectra corresponding to
the multiplexed analysis of adenosine and cocaine: (a) in the absence
of adenosine and cocaine, or in the presence of 1 mM citidine, or 1
mM cytidine and 1 mM uridine; (b) in the presence of 1 mM
adenosine; (c) in the presence of 1 mM cocaine; (d) in the presence of
1 mM adenosine and 1 mM cocaine. Reprinted with permission from
ref 126. Copyright 2007 American Chemical Society.

water'>® (For other QD-based sensing platforms of ions, see
section 3).

2.3. Amplified DNA Sensors and Aptasensors. The
amplification of sensing events is a fundamental challenge in the
development of sensing devices. The fact that semiconductor
QDs are each functionalized with many probes consisting of
nucleic acids suggests that by the successive regeneration of the
target, many of the probes could be utilized in the sensing
process, thus leading to participation of many recognition
events, rather than single recognition events between the probe

2825

(A)

Excitation
+
(44
45 v @
572 nm =)
cmission
Hg*'(® )
Encrgy transfcr
Excitation

GTCTTTCCTG-S )
S-CAGTTTGGAC

no cmission

(B) 3
10 x10
—~.| 0
8k
oo
i‘; | 1 nM
2°
4
2 3
Esl 500 nm
|
W f 1|,lM

0 L h " "
450 500 550 600 650 700 750
Wavelength (nm)

Figure 16. (A) Sensing of Hg*" ions by the T—Hg*—T-assisted
aggregation of the nucleic acids-modified QDs and Au nanoparticles.
(B) Fluorescence spectra corresponding to the QDs/Au NPs/nucleic
acid hybrids in the presence of different concentrations of Hg** ions:
(0,1,2,3,4,5,6 8, 10, 15, 20, 30, 40, 60, 80, 100, 200, 500, and 1000
nM). Reprinted with permission from ref 128. Copyright 2011
American Chemical Society.

and the target DNA. This is exemplified in Figure 17A with the
amplified detection of a target DNA through the Exonuclease
11, Exo III, biocatalyzed regeneration of the analyte DNA."*
The CdSe/ZnS QDs are functionalized with the probe nucleic
acid, (46), modified at its 3’-end with the black-hole quencher,
BHQ-2. In this configuration, the luminescence of the QDs is
quenched. In the presence of the analyte DNA (47) a duplex
structure of full complementarity between the 3" and 5'-ends of
(46) and (47) is formed, whereas the probe is designed in such
a way that the 3'-end of the target (47) yields a single-stranded
nucleic acid overhang that is not recognized by the probe. As
Exo III is a “digestive” cleavage biocatalyst that cleaves off the
3’-end nucleobases associated with a duplex DNA, the probe
strand in the duplex structure (46)/(47) is cleaved, leading to
the successive removal of the quencher units BHQ-2 and the
bases associated with (46). The digestion of the probe bases
associated with the duplex (46)/(47) leads to the separation of
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Figure 17. (A) Amplified QD-based sensing of a target DNA by the
Exonuclease Ill-stimulated recycling of the analyte. (B) Time-
dependent luminescence spectra of the (46)-modified QDs in the
absence of the target (47), curve (1), and in the presence of (47), 1
nM. Spectra were recorded at time intervals of 10 min. Reprinted with
permission from ref 129. Copyright 2011 American Chemical Society.

the analyte that binds to another probe unit which, in turn,
undergoes the Exo Ill-catalyzed regeneration of the analyte. As
a result, the recognition event between the probe and the
analyte triggers-on, in the presence of Exo III, the cyclic
regeneration of the analyte. This leads to the amplified
detection of the analyte through the regeneration of the
analyte and the removal of many quencher units by the
regenerated target, Figure 17B. This method enabled the
analysis of the target DNA with a detection limit that
corresponded to 1 X 107" M. The Exo Ill-catalyzed recycling
of the target DNA was, then, implemented for the multiplexed
analysis of two different DNAs, Figure 18A. Two different sized
QDs emitting at A, = 620 nm and A, = 540 nm were
modified with the probe nucleic acids (46) and (48), that are
each tethered to the BHQ-2 and BHQ-1 black-hole quenchers,
respectively, leading to the quenching of the luminescence of
the two types of QDs. These nucleic acids are complementary
to the target DNAs (47) and (49), respectively. Accordingly,
the Exo III amplified detection of (47), was demonstrated by
the 620 nm emitting QDs, Figure 18B, image (a), whereas in
the presence of Exo III, amplified sensing of (49) was achieved
by the 540 nm emitting QDs, Figure 18B (image b). In the
presence of the two targets (47) and (49) and Exo III, the two-
sized QDs are triggered-on, Figure 18B, image (c), leading to
the luminescence of the two kinds of QDs, thus demonstrating
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the amplified multiplexed selective analysis of the two
targets.129

The Exo IIl-amplified detection of aptamer—substrate
complexes was also implemented to analyze the vascular
endothelial growth factor (VEGF) (for the significance of this
biomarker see section 2.1). The amplified analysis of the
VEGF s, using the Exo III and the regeneration of the
VEGF 45 analyte, was demonstrated using the “split” aptamer
approach,""” Figure 19A. One subunit of the anti-VEGFg
aptamer subunit, (50), was functionalized at its $’-end with
CdSe/ZnS QDs, and at the 3'-end, it was modified with the
BHQ_quencher. This configuration leads to the quenching of
the luminescence of the QDs. The second subunit, (51), is
partially complementary to the subunit (50), and thus, in the
presence of the target VEGF4s analyte, the respective
VEGEF 4s/aptamer subunits complex is formed, and this is
cooperatively stabilized by the duplex region generated between
the 3’ and 5'-ends of (50) and (51), respectively. The
formation of the VEGF 4/aptamer subunits complex in the
presence of Exo III leads to the digestive cleavage of the 3’ end
of (50) at the duplex region associated with (50), resulting in
the removal of the quencher unit and the separation and
regeneration of the VEGF 45 analyte for a secondary sensing
cycle. The autonomous regeneration of the analyte, and the
removal of the quencher units, triggered-on the luminescence
of the QDs, Figure 19B. This method enabled the amplified
analysis of VEGF s with a detection limit corresponding to 5
pM, Figure 19C. This method was successfully implemented to
analyze VEGF 4 in plasma samples, detection limit 50 pm.""”

2.4. QDs/Nucleic Acid Hybrids for the Analysis of
Metal lons. Nucleobases form complexes with specific metal
ions. For example, thymine bases form T-Hg**-T complexes
and cytosine yields C—Ag"—C complexes.”®”® Also, non-native
bases are known to form selective complexes with different
metal ions."**"** Such metal-ion bridges might cooperatively
stabilize the formation of duplex DNA structures. Thus, the
generation of metal ion-assisted complexes on QDs might allow
the assembly of functional DNA/QDs hybrids for sensing of
metal jons. Furthermore, many sequence-specific nucleic acids
were found to exhibit catalytic properties in the presence of
specific metal ions, such as Mg**, Cu**, Pb**, Hg**, Zn®*, and
more.**'** Accordingly, the coupling of metal ion-triggered
functional catalytic nucleic acids (DNAzymes) to semi-
conductor QDs might lead to the design of new metal ion
sensing platforms. Also, by the implementation of different
sized QDs coupled to the nucleic acid probes that interact with
different ions or different sized QDs conjugated to different
metal ion-dependent DNAzymes, the multiplexed analysis of
metal ions might be achieved.

The optical detection of Hg*" or Ag® ions by nucleic acid-
functionalized QDs was demonstrated,"" Figure 20(A). CdSe/
ZnS QDs (4., = 560 nm) were modified with the thymine-rich
nucleic acid, (52), whereas larger CdSe/ZnS QDs, (4, = 620
nm), were functionalized with the cytosine-rich nucleic acid
(53). In the presence of Hg** ions, the (52)-nucleic acid strand
folds into a loop duplex structure stabilized by T—Hg**—T
bridges, leading to the selective quenching of the luminescence
of the (52)-modified QDs. Similarly, treatment of the (53)-
functionalized QDs with Ag"* ions resulted in the folding of the
C-rich nucleic acids (53) to form C—Ag*—C stabilized duplex
structures, leading to the selective quenching of the
luminescence of the (53)-modified QDs, Figures 20B and C.
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Figure 18. (A) Amplified multiplexed analysis of different target nucleic acids, (47) and (49), by the probe modified 620 nm and 540 nm emitting
QDs, respectively, using the Exo III-catalyzed digestion and the target recycling scheme. (B) Time-dependent luminescence spectra corresponding to
the amplified multiplexed analysis of the target DNAs, (47) and (49): (a) in the presence of (47), 1 nM, taken at time intervals of 10 min; (b) in the
presence of (49), 1 nM, taken at time intervals of 12 min; (c) in the presence of both (47) and (49), 1 nM, taken at time intervals of 15 min.
Reprinted with permission from ref 129. Copyright 2011 American Chemical Society.

Upon mixing the two sized QDs, the multiplexed analysis of
Hg?" and Ag" was demonstrated, Figure 20D."*

The QD-based analysis of metal ions using metal-dependent
DNAzymes was demonstrated with the selective analysis of
Pb** and Cu,"*” Figure 21(A). CdSe/ZnS QDs emitting at
625 or 530 nm were protected by a SiO, shell, and the QDs
were functionalized with the ribonucleobase-containing nucleic
acids, (54) and (55), respectively. The nucleic acid (54),
attached to the 625 nm QDs, includes the substrate sequence of
the Cu2+—dependent DNAzyme, whereas the nucleic acid, (55),
associated with the 530 nm emitting QDs, is composed of the
substrate sequence corresponding to the Pb**-dependent
DNAzyme. The sequence-specific Cu**-dependent DNAzyme
(54), and Pb**-dependent DNAzyme, (55), were function-
alized, similarly, with quencher units, and hybridized with the
respective substrates associated with the QDs. In the presence
of Cu® ions or Pb** ions, the DNAzymes cleave-off the
respective substrates, resulting in the triggering-on of the
luminescence of the 625 and 530 nm QDs, respectively. The
time-dependent integrated luminescence intensities provided
then the readout signals for the quantitative detection of Cu*"
or Pb*" ions, respectively, Figure 21B.

3. NUCLEIC ACIDS/QDS CONJUGATES FOR
PHOTOELECTROCHEMICAL SENSING

Photoexcitation of semiconductor QDs yields the formation of
an electron—hole pair in the conduction-band and valence-band
of the QDs. Coupling of the photoexcited QDs to electrode
supports may then trigger electron transfer reactions between
the QDs and the electrode, resulting in the generation of

photocurrents. Controlling these electron transfer reactions by
means of biological processes allows, then, the probing of
biotransformations through the photoelectrochemical function
of the QDs."**'%°

The photoelectrochemical transduction of biorecognition
events is presented with the analysis of cocaine using a CdS
QD-functionalized aptasensor electrode.** The “split” aptamer
approach was implemented to develop the bioanalytical assay,
Figure 22A. The aptamer against cocaine was split into two
subunits. The thiolated aptamer subunit, (56), was linked to
the electrode, and the second aptamer subunit (57) was used to
modify the QDs. In the presence of cocaine, the cocaine/
aptamer subunits were formed on the electrode surface.
Photoexcitation of the QDs resulted in the ejection of the
conduction-band electrons to the electrode, and to the
concomitant oxidation of the triethanolamine, TEOA, by
valence-bond holes, leading to a steady-state anodic photo-
current. As the surface coverage of the electrode is controlled
by the concentration of cocaine, the resulting photocurrent
provides a quantitative signal for the content of the analyte,
Figure 23B.

The successful implementation of the hemin/G-quadruplex-
catalyzed generation of chemiluminescence (in the presence of
H,0,/luminol), and the secondary chemiluminescence reso-
nance energy transfer (CRET)-stimulated excitation of semi-
conductor QDs, was used to develop photoelectrochemical
sensing platforms without external irradiation."*' CdS QDs
were immobilized on Au electrodes and capped with bovine
serum albumin (BSA). The enzyme glucose oxidase, GOx,
modified with hemin/G-quadruplex units was covalently linked
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Figure 19. (A) Amplified fluorescence sensing of VEGF,4; using two
aptamer subunits (50) and (51), and Exo IlI-catalyzed regeneration of
VEGF 4. (B) Time-dependent luminescence spectra of the (50)-
modified QDs: curve (a), in the absence of VEGF ¢s; curves (b—g) in
the presence of 150 pM VEGF;, taken at time intervals of 15 min.
(C) Calibration curve corresponding to the resulting increase of the
fluorescence of the (50)-modified QDs upon interaction with different
concentrations of VEGF 4 for a fixed time interval of 90 min.
Reprinted with permission from ref 117. Copyright 2012 American
Chemical Society.

to the CdS QDs, Figure 23A. The GOx-catalyzed oxidation of
glucose yields gluconic acid and H,O,, and the latter product
acts as a cosubstrate for the hemin/G-quadruplex generation of
chemiluminescence in the presence of luminol. The resulting
chemiluminescence activates the CRET process to the QDs,
resulting in the generation of the photocurrent. The photo-
current is generated by ejection of the conduction-band
electrons to the electrode, and the concomitant scavenging of
the valence-band holes by the supply of electrons from the
solution-solubilized electron donor, triethanolamine, TEOQA. As
the generated chemiluminescence is controlled by the
concentration of glucose, the resulting photocurrents relate to
the concentration of glucose, Figure 23B. Similarly, the
photoelectrochemical detection of DNA, without external
irradiation, was demonstrated using the CRET process as
internal light source, Figure 23C. A probe nucleic acid, (58),
complementary to a part of the target-analyte DNA, (59), was
covalently linked to the CdS QDs associated with an electrode.
The hemin/G-quadruplex catalytic label was conjugated to a
nucleic acid chain, (60), that was complementary to the single-
stranded domain of the analyte, that formed the recognition
complex (59)/(60) on the electrode. The DNAzyme-catalyzed
generation of chemiluminescence by the hemin/G-quadruplex
in the “sandwich-type” CdS QDs/DNA/hemin/G-quadruplex
structure stimulated then the CRET process and the formation
of the photocurrent. As the surface coverage of the DNAzyme
is controlled by the concentration of the analyte DNA, (59),
the resulting chemiluminescence intensities, and consequently,
the magnitude of photocurrent, related to the concentration of
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Figure 20. (A) Optical analysis of Hg?*/Ag" ions by nucleic acid-
modified QDs. (B) Time-dependent luminescence spectra of the (52)-
QD560 upon interaction with 1 X 107" M Hg?*. Inset: Calibration
curve for various concentrations of Hg*'. (C) Time-dependent
luminescence spectra of the (53)-QD620 upon interaction with S X
1075 M Ag". Inset: Calibration curve for various concentrations of Ag".
(D) Fluorescence changes of the (52)-QDS60 and (53)-QD620 upon
interaction with: a) no Hg?", no Ag*; b)-e) upon interaction with Hg**
and Ag’, 10, 20, 30, and 50 uM, respectively. Spectra recorded after a
fixed time interval of 30 min. Reproduced with permission from ref
136. Copyright 2009 Wiley—VCH.

the target DNA, Figure 23D. The method enabled the
detection of the DNA with a detection limit corresponding
to 1 nM. The photoelectrochemical CRET-stimulated analysis
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Figure 21. (A) Schematic multiplexed detection of metal ions using
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Fluorescence spectra of the QDs—DNAzyme conjugates after
interaction with various concentrations of Pb* ions, taken after a
fixed time interval of 25 min. (II) Fluorescence spectra of the QDs—
DNAzyme conjugates after interaction with various concentrations of
Cu” ions, taken after a fixed time-interval of 25 min. Reprinted with
permission from ref 137. Copyright 2010 American Chemical Society.

of glucose or of DNA represents a unique method to develop
photoelectrochemical biosensor devices that generate currents,
as readout signals, without external irradiation source or
electrical power supply.

4. PROBING DNA MACHINES BY NUCLEIC ACID/QDS
CONJUGATES

Substantial recent research efforts in the area of DNA
nanotechnology are directed toward the development of
molecular DNA machines.””'**™'* By encoding appropriate
information in the base sequences of DNA nanostructures, and
by the application of appropriate fuel/antifuel substrates,
programmed mechanical operations in the nanoengineered
nanostructures are activated. Different DNA machines
including tweezers,">”'*! walkers, %53 gears,154 cranes,'>®
and more"*® were reported. One of the challenges in the
development of DNA machines, includes, however, the
development of readout signals that probe the states of the
machines, and more importantly, the dynamics of the machine
operation. The unique photophysical properties of QDs, and
their participation in fluorescence resonance energy transfer,
chemiluminescence resonance energy transfer, and photo-
electrochemical reactions pave the way to introduce new QD-
based readout methods for DNA machines.

CdSe/ZnS QDs were implemented to follow the reversible
“walking” process of a DNA using adenosine monophosphate,
AMP, as fuel,">’” Figure 24. The nucleic acid strand (61) was
linked to the QDs, and it acted as a scaffold for the
hybridization of two footholds (62) and (63). The foothold
(62) includes the AMP-aptamer sequence. The nucleic acid
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Figure 23. (A) Analysis of glucose by the glucose oxidase/CdS QD-
functionalized Au electrode, using the hemin/G-quadruplex as a
catalytic label for the CRET-stimulated generation of photocurrents.
(B) Time-dependent photocurrents generation upon analyzing
different concentrations of glucose by the system shown in panel A.
(C) Analysis of a target DNA by a sandwich-type nucleic acid assay on
the BSA/CdS QD-functionalized Au electrode, using the hemin/G-
quadruplex as a catalytic label for the CRET-stimulated generation of
photocurrents. (D) Time-dependent photocurrents generated upon
analyzing different concentrations of the target DNA, (59), according
to the sensing scheme depicted in (C). Reprinted with permission
from ref 141. Copyright 2012 American Chemical Society.
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strand (64) included partially complementary sequence that
can bind to footholds (62) and (63), yet the system was
designed to form a duplex structure with the aptamer-
containing sequence associated with foothold (62). In the
presence of AMP, the formation of AMP-aptamer complex on
foothold (62) was energetically favored, leading to the release
of (64) and its walkover to foothold (63). The chemically
induced adenosine deaminase-stimulated transformation of
AMP to inosine monophosphate, IMP, which lacks affinity
for the aptamer sequence, resulted in the separation of the
IMP/aptamer complex and the formation of the free foothold
(62). This initiated, then, the reverse translocation of the
walker unit from foothold (63) to foothold (62) to yield the
duplex of enhanced stability. The walking process on the DNA
scaffold was monitored by the labeling of the walker element
with the ATTO 590 dye, and following the FRET process
between the QDs and the dye. The occupation of foothold
(62) with the walker yielded a high FRET signal due to the
proximity between the donor—acceptor units, and lower FRET
signals upon binding of the walker to foothold (63), because of
the spatial separation of the donor—acceptor components. By
the cyclic addition of the AMP fuel, and its biocatalyzed
degradation by adenosine deaminase, the cyclic translocation of
the walker was demonstrated,"’ using the FRET as readout
signals.

In a different study, > the hemin/G-quadruplex generation
of chemiluminescence was used to stimulate the chemilumi-
nescence resonance energy transfer process to semiconductor
QDs, as readout signal for the walking process, Figure 25A. The
DNA (65) was used as scaffold to immobilize, through
hybridization, three footholds consisting of the (66)-function-
alized CdSe/ZnS QDs, the nucleic acid (67) that includes a
protruding single-strand unit, and a third foothold (68) to
which the walker element (69) is hybridized. The walker
includes the G-quadruplex sequence, and is caged in a duplex
structure with foothold (68), that prohibits the formation of the
G-quadruplex. In the presence of the fuel-strand (70),
displacement of the walker strand (69) proceeds, leading to
the formation of the duplex (68)/(70) and the translocation of
the walker (69) to foothold (67), where the G-quadruplex
sequence is unblocked and yields a hemin/G-quadruplex
catalytic structure. The hemin/G-quadruplex catalyzes the
generation of chemiluminescence, and the resulting chem-
iluminescence resonance energy transfer (CRET) process to
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the QDs triggers-on the luminescence of the QDs. Subjection
of the system to the antifuel strand (71) displaces the fuel
strand (70) from foothold (67), resulting in the separation of
the duplex (70)/(71), leading to the reverse translocation of
the walker from foothold (67) to foothold (68) to yield the
energetically stabilized nanostructure (68)/(69). In this
configuration, the G-sequence of (69) is blocked in a duplex
structure that does not yield chemiluminescence. By the
reversible treatment of the system with the fuel/antifuel strand,
the cyclic bidirectional operation of the walker was demon-
strated using the CRET as readout signal, Figure 25B. In a
related system,"® the three footholds/scaffold hybrid structure
was assembled on a Au electrode, and the CRET-stimulated
generation of the photocurrent was used as readout signal for
the bidirectional walking process, Figure 25C. The displace-
ment of the walker (69) from foothold (68) by the fuel strand,
(70), leads to the translocation of the walker to foothold (67),
while generating the catalytically active hemin/G-quadruplex.
The resulting chemiluminescence activates the CRET process
to the QDs, leading to the excitation of the CdSe/ZnS QDs,
and the formation of the electron/hole species. The ejection of
the conduction band electrons to the electrode, and the
concomitant oxidation of triethanolamine by the valence-band
holes, led to the generation of a steady state photocurrent,
Figure 25D. This enabled the probing of the bidirectional
translocation of the walker on the DNA scaffold associated with
the electrode by means of the CRET-induced photocurrent
signal.

5. CONCLUSIONS

The present article has summarized recent applications of
nucleic acid/semiconductor QD hybrid systems for analytical
and DNA nanotechnology applications. The analytical
applications of these hybrid nanostructures made use of the
unique photophysical properties of the QDs (high lumines-
cence quantum yields, photostability, size-controlled lumines-
cence features), and the functional recognition and catalytic
properties encoded in nucleic acid sequences (duplex formation
through complementary hybridization, binding of low-molec-
ular-weight substrates or macromolecules to aptamers, catalytic
properties of nucleic acids-DNAzymes, and selective binding of
ions by nucleotides). Different photophysical mechanisms
including fluorescence, electron transfer quenching, fluores-
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and the DNAzyme (69) is positioned on foothold (67). Reprinted with permission from ref 158. Copyright 2013 American Chemical Society.

cence resonance energy transfer (FRET) and chemilumines-
cence resonance energy transfer (CRET) were implemented to
develop the different nucleic acid/QD-based sensing platforms.
These analytical methods may find important diagnostic
applications in the analysis of genetic disorders, tissue
matching, detection of pathogens, and more.

The important advances in the use of QDs for analytical
applications, however, rest on the size-controlled luminescence
properties of QDs. This enables the use of the same chemistry
to modify different QDs for detecting different target analytes.
Furthermore, the fact that these versatile multiprobe-function-
alized QDs can be excited by a common wavelength allows the
application of mixtures of different sized QDs for the
multiplexed, parallel, detection of different analytes. Indeed,
different DNAs corresponding to different pathogens or DNA
biomarkers for certain diseases were analyzed, in parallel, by
QDs. Similarly, the multiplexed analyses of aptamer-complexes
or of metal ions were performed by different sized QDs
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modified with the appropriate sequence-specific recognition
nucleic acids.

The use of nucleic acid/QDs hybrids for the development of
photoelectrochemical sensing devices is a particularly novel
approach. Specifically, the development of photoelectrochem-
ical sensing devices based on the chemiluminescence resonance
energy transfer (CRET) process represent a recent advance
where photocurrents are generated, as a result of recognition
events, without any external irradiation. Such systems could
bridge the boundaries between nucleic acid-based optical and
electrochemical sensing platforms.

One important topic in the application of QDs for sensing
processes relates to the amplification of the detection platforms.
The use of exonuclease III, Exo III, as a biocatalyst for the
autonomous regeneration of the target DNA or the aptamer—
substrate was demonstrated. One may envisage other
biocatalytic processes to regenerate the target DNA, e.g., the
application of endonucleases'*® or ligation DNAzymes.'®*'%!
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The recent sensing platforms that stimulate the autonomous
target-induced polymerization of DNAzyme wires'>'® (e.g,
the formation of hemin/G-quadruplex DNAzyme wires) may
be coupled to QDs, thus providing new methods for the
amplified optical analysis of DNA, aptamer—substrate com-
plexes or ions.

While nucleic acid/QDs hybrids demonstrated their potential
impact for bioanalysis, important challenges are still ahead of
us. The rapid progress in the application of other functional
nanoscale materials for sensing (e.g., graphene, graphene oxide,
carbon nanoparticles) and the elucidation of new optical
properties of these materials suggest that by coupling the
nucleic acid/QDs hybrids with such graphitic carbon
nanostructures, new sensing materials and innovative detection
platforms could be envisaged. Also, the incorporation of the
nucleic acid/QDs hybrids into cells and the in vivo sensing of
analytes is a challenging future goal.
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