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Preface

The goal of this brief is to give a summary of recent advances in “Quantum Dots
for DNA Biosensing.” Deoxyribonucleic acid (DNA), as the genetic information
carrier, encodes all the genetic instructions used in the development and func-
tioning of all known living organisms (bacteria, plants, yeast, and animals) and
even many viruses. Due to its important function, the DNA-related detections are
important for many applications in clinical diagnosis, homeland defense, and envi-
ronment monitoring. Particularly, with the rapid development of nanotechnology,
the sensitive, selective, and multiplexed analysis of gene sequences and quantifica-
tion of target sequences have been realized. Among many of these analytical meth-
ods, quantum dots (QDs or Qdots) play a vital role in these applications. QDs have
attracted great interests from researchers because of their excellent fluorescent,
electrochemical and photoelectrochemical properties, which could be potentially
and actually have been widely applied in various research areas ranging from in
vitro biosensing to intracellular and in vivo imaging.

This brief focuses on special applications of QDs in DNA biosensing based on
their fluorescent, electrochemical, photoelectrochemical, and electrochemilumi-
nescent properties. Details of the preparation and functionalization of quantum
dots as well as the fabrication of DNA biosensors have also been introduced here.
We summarize how their properties can be used in DNA biosensor design with
examples. Furthermore, we show some new emerging quantum dots such as sil-
icon dots, carbon dots, and graphene dots as well as an important alternative to
QDs, metal nanoclusters and their applications in DNA biosensing after introduc-
ing the limitations of traditional QDs. This brief is suitable to be used as a supple-
ment for graduate-level courses in analytical chemistry, life science, biochemistry,
biotechnology, biomedical engineering, etc. It may also help young scientists to
get an overview of this topic.

Jun-Jie Zhu
Jing-Jing Li
Hai-Ping Huang
Fang-Fang Cheng
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Chapter 1
Introduction

Abstract DNA biosensors have been widely studied because of their impor-
tance in clinical diagnosis, homeland defense as well as environment monitoring.
Specifically, with the development of nanotechnology, such as the emergence of
quantum dots (QDs), numerous QD-based DNA biosensors have been fabricated
successfully. In this chapter, the overview of DNA biosensing and QDs is given.
Meanwhile, the superior properties of QDs for the preparation of DNA biosensor
are also listed, such as optical, electrochemiluminescence (ECL), electrochemical,
and photoelectrochemical properties.

Keywords DNA biosensing ¢ Quantum dot ¢ Fluorescence ¢ Electrochemilum
inescence * Electrochemical property * Photoelectrochemical property

1.1 Overview of DNA Biosensing

DNA, or deoxyribonucleic acid, is the genetic information-bearing material in
humans and almost all other living organisms. Along with RNA and proteins,
DNA is one of the three major macromolecules essential for all known forms of
life. Genetic information in DNA is stored as a code made up of four chemical
bases: adenine (A), thymine (T), guanine (G), and cytosine (C). Human genome
DNA consists of about 3 billion bases. More than 99 % of those bases are the
same among all individuals. The sequence of these bases determines the informa-
tion necessary for building and maintaining an organism.

Due to its important function, DNA serves as a type of biomarkers for many
diseases including various cancers. Thus, the DNA-related detections are impor-
tant for many applications in clinical diagnosis, homeland defense, and environ-
ment monitoring. There has been tremendous increase in such applications over
the past few years, especially with the development of nanotechnology [1-3]. The
analysis of gene sequences and the detection of gene amount play a fundamental

J.-J. Zhu et al., Quantum Dots for DNA Biosensing, SpringerBriefs in Molecular Science, 1
DOI: 10.1007/978-3-642-44910-9_1, © The Author(s) 2013



2 1 Introduction

role in offering the possibility of performing reliable diagnosis even before the
appearance of any symptoms of a disease. Small variations in the genome affect
our predisposition to diseases, such as cancer and congenital genetic diseases [4,
5]. In environmental and food areas, the detection of specific DNA sequences can
be used for the monitoring of genetically modified organism (GMO) or pathogenic
bacteria [6].

Biosensors refer to self-containing integrated devices, being capable of provid-
ing specific quantitative or semiquantitative analytical information using a biologi-
cal recognition element which is followed by contact with a transduction element.
Major processes involved in a biosensor are specific target recognition event and
signal transduction [7]. The first successfully developed DNA biosensor achieved
rapid screening of toxic substances. The biosensor was constructed by immobiliz-
ing a double helix DNA (Calf Thymus DNA) onto screen-printed electrodes and
then used for the determination of the toxicity of different kinds of common sur-
factants based on the height of the guanine oxidation peak. The interactions with
toxic substances raise structural and conformational modifications of DNA caus-
ing decrease in guanine peak [8]. Except such kind of direct oxidation of guanine,
the DNA probe must be thus chemically or enzymatically labeled with radioac-
tive material, chemiluminophore, fluorophore, electrochemical, or photoelectro-
chemical materials to generate signal because the nucleic acid itself are not able
to provide any signal. Quantum dots (QDs) emerge as excellent fluorescent nano-
materials possessing great potentials in DNA biosensor fabrication. Up to now,
different types of DNA biosensors based on amperometric [9, 10], potentiometric
[11, 12], piezoelectric [13, 14], thermal [15, 16], and optical techniques [17, 18]
have been developed. In this book, we will focus on those DNA biosensors fabri-
cated by taking advantages of properties of QDs (optical, electrochemical lumines-
cence, electrochemical, and photoelectrochemical). Firstly, we overview different
types of QDs. Preparation methods and functionalization of QDs were presented
in Chap. 2. This provides a basis for the fabrication of QD-based DNA biosensors.
Then, based on the properties of QDs (optical, electrochemiluminescence, elec-
trochemical, and photoelectrochemical), we numerate these QD-based DNA and
RNA biosensors in Chaps. 3, 4, and 5.

1.2 Overview of Quantum Dots

Quantum dots (QDs or Qdots) are colloidal semiconductor nanocrystals and have
been developed for more than 30 years. Since discovered in glass crystals by
Russian physicist Alexei Ekimov in 1980 [19], QDs have attracted great interests
from researchers, demonstrated by the large number of scientific publications in
this area (Fig. 1.1). QDs’ excellent fluorescent, electrochemical, and photoelectro-
chemical properties have been widely applied in various research areas, ranging
from in vitro biosensing to intracellular and in vivo imaging.
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Fig. 1.1 Annual trends in the
number of publications for
QDs. The terms “Quantum
Dots” and “QDs” have been
considered. The literature
search was done using
PubMed

Number of Publications

1580-1989 1990139 2000-2009

Number of Publications

1.2.1 Optical Property

The size-tunable absorption and luminescence spectra of QDs arise from the quan-
tum confinement effect. Excitons of QDs are confined in all three spatial dimen-
sions and divided into discrete energy levels, which are similar to the energy
levels in atoms. Electrons are first excited from the occupied level to the unoc-
cupied energy level and fluorescence occurs when the excited electron relaxes to
the ground state and combines with the hole. In a simplified model system, the
energy of the emitted photon can be deemed as the sum of the bandgap energy
between the occupied level and the unoccupied energy level, the confinement ener-
gies of the hole and the excited electron, and the bound energy of the exciton (the
electron—hole pair). A decrease in the size of the QDs will bring an increase in the
bandgap energy which represents a hypsochromic shift of the absorption and pho-
toluminescence (PL) spectra [20, 21].

Since the emergence of QDs, comparison of pros and cons of QDs and organic
fluorophores have always been a hot topic. Organic fluorophores have a narrow
absorption spectrum which results in a narrow range of emission and they do not
have a sharp symmetric emission peak which is further broadened by a red tail. In
contrast, QDs have a broader excitation spectra and a more sharply defined emis-
sion peak. QDs are several thousand times more stable against photobleaching
than organic dyes and are thus well suited for continuous tracking studies over a
long period of time. One order of magnitude longer excited-state lifetime of QDs
than that of organic dyes provides a feasible approach to separate the QD fluores-
cence from background fluorescence to achieve an accurate signal readout [22, 23].
Meanwhile, the large Stokes shifts of QDs (measured by the distance between the
excitation and emission peaks) can be used to further improve detection sensitivity.
As reported, the Stokes shifts of QDs can be as large as 300400 nm, depending
on the wavelength of the excitation light. Organic dye signals with a small Stokes
shift are often buried by strong tissue autofluorescence, whereas QDs signals with
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a large Stokes shift can be clearly recognized over the background [24]. Last but
not the least, another distinct property of QDs is that QDs with different sizes can
produce multicolor emissions at the same excitation wavelength and their emis-
sion wavelengths can be tuned continuously by varying particle size and chemical
composition. This is a very important feature for multiplexed detection or track-
ing. Especially, with the complexity of disease, tracking a panel of molecular bio-
markers simultaneously is very important for accurate diagnosis [25-28]. Nie et
al. provided a detailed comparison of such properties between QDs and organic
fluorophores by figures [29]. In a word, QDs possess not only outstanding optical
properties, but also the excellent electrochemiluminescence, electrochemical, and
photoelectrochemical properties which further stimulate their fast development and
broaden their applications.

1.2.2 Electrochemiluminescence Property

Electrochemiluminescence or electrogenerated chemiluminescence is a kind of
luminescence produced during electrochemical reactions in solution. The first QDs
ECL behavior was found by Bard et al. in 2002. Silicon QDs could generate light
emission during potential cycling or pulsing [30]. Later, people found the elemen-
tal and compound semiconductors, such as Ge [31], CdTe [32], PbS [33], CdSe
[34, 35], and ZnS [36], can also generate efficient ECL. The ECL mechanism of
semiconductor QDs mainly depends on the annihilation or coreactant ECL reac-
tion. Additionally, it is believed that the ECL emission is not sensitive to NP size
and capping agent used but depends more sensitively on surface chemistry and the
presence of surface states. The exact ECL mechanism of various QDs and their
applications for DNA analysis can be found in Chap. 4.

1.2.3 Electrochemical and Photoelectrochemical Property

Although to a lesser extent compared to their optical properties, the electro-
chemical property of QDs has also been explored and applied in inorganic sub-
stance analysis, organics analysis, immunoassay, aptasensing assay, and solar
cell. The electrochemical behavior of QDs revealed the quantized electronic
behavior as well as decomposition reactions upon reduction and oxidation.
Their electrochemical property is influenced by various factors, such as the QDs
size, the capping stabilizer, the value of pH, and the coexisted chemicals [37].
Photoelectrochemically active species usually used are rutheniumbipyridine
derivatives [38—41], semiconductor nanoparticles [42—45], and dyes [46, 47].
Photoexcitation of the semiconductor QDs results in the transfer of electrons
from the valence band to the conduction band, thus yielding electron-hole pairs
[48-50]. Whereas the luminescence properties of QDs originate from radiative
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Fig. 1.2 Photocurrents generated by semiconductor NPs associated with electrodes. a Anodic
photocurrent. b Cathodic photocurrent. Reproduced with permission from Ref. [51]. Copyright
2008, Wiley

electron-hole recombination, trapping of conduction-band electrons in surface
traps yields sufficiently long-lived electron—hole pairs to permit the ejection of
the trapped electrons to electrodes (or a solution-solubilized electron acceptor A)
giving rise to the photoelectrochemical current. The ejection of the conduction-
band electrons to the electrode, with the concomitant transfer of electrons from a
solution-solubilized electron donor D, yields an anodic photocurrent (Fig. 1.2a). In
contrast, transfer of the conduction-band electrons to a solution-solubilized elec-
tron acceptor, followed by the supply of electrons from the electrode to neutralize
the valence-band holes, yields a cathodic photocurrent (Fig. 1.2b) [51]. QDs, with
their unique fluorescence properties and photoelectrochemical functions, are pho-
toactive materials for the development of nucleic acid sensor systems.
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Chapter 2
Quantum Dots

Abstract In the past 30 years, quantum dots (QDs) have developed a lot from
their kinds to the various application areas. Traditional nanocrystals are usually
composed of elements from groups III-V, II-VI, or IV-VI of the periodic table,
such as CdS, CdSe, CdTe, CdS@ZnS, CdSe@ZnS, CdSeTe@ZnS. These QDs
own excellent fluorescence properties and have been widely used in biosensing
and intracellular or in vivo imaging. However, the leaked cadmium ions are cul-
prits for the observed cytotoxicity of cadmium-based QDs, which hampers their
further practical applications. Later, with the demand for more biocompatible QDs
as the signal reporter, cadmium-free quantum dots (CFQDs) were introduced, such
as silicon QDs (Si QDs), carbon dots (C-dots), and graphene QDs (GQDs). In
this chapter, the kinds of these traditional quantum dots and new emerging quan-
tum dots as well as their preparation and functionalization are discussed in detail.
Additionally, as a viable alternative to QDs, the metal nanoclusters also displayed
great potentials as luminescent labels for fluorescent biosensing and bioimag-
ing. Thus, the relevant description of metal nanoclusters is also included in this
chapter.

Keywords Quantum dots ¢ Metal nanoclusters ¢ Preparation and functionalization *
Bioconjugation

2.1 Traditional Quantum Dots

History of QDs begins with their first discovery in glass crystals in 1980 by
Russian physicist Ekimov [1]. Systematic advancement in the science and tech-
nology of QDs was driven after 1984, when Luis Brus derived a relation between
size and bandgap for semiconductor nanoparticles by applying a particle in a
sphere model approximation to the wave function for bulk semiconductors [2, 3].
However, it took nearly a decade for a new promotion in QD research until the

J.-J. Zhu et al., Quantum Dots for DNA Biosensing, SpringerBriefs in Molecular Science, 9
DOI: 10.1007/978-3-642-44910-9_2, © The Author(s) 2013



10 2 Quantum Dots

successful synthesis of colloidal CdX (X = S, Se, Te) QDs with size-tunable
band-edge absorption and emissions by Murray et al. [4]. So far, CdX is the most
investigated QDs due to their excellent optical and electrochemical properties.
However, with the further application in biological area, the toxicity of cadmium
ion in CdX was paid more and more attention. In order to improve the biocom-
patibility as well as the PL quantum yield and stability of these core nanocrystals,
a layer of a few atoms with a higher bandgap semiconductor was introduced to
encapsulate the core nanocrystals to form core—shell nanocrystals. The lumines-
cence efficiency is significantly improved when the nanocrystals are passivated
on their surface by a shell of a larger bandgap semiconductor and the leaching of
metal ions from the core is blocked well by this structure [5, 6]. At the beginning,
CdSe/ZnS and CdSe/CdS are the most intensively studied [5, 7]. Later, more and
more other “core—shell” QDs were developed, such as CdSe/ZnSe [8], CdTe/CdS
[9], CdTe/ZnS [10], and even CdTe/CdS/ZnS “core/shell/shell” QDs [11]. Reiss et
al. proposed a simple synthetic route for the preparation of CdSe/ZnSe core/shell
nanocrystals applying zinc stearate as a zinc source. Based on the literature, they
firstly synthesized CdSe core nanocrystals in a mixed TOPO/HAD solvent with a
molar ratio of 60-80 % HAD and using CdO, complexed by dodecylphosphonic
acid, as cadmium precursor. Then, ZnO was complexed with dodecylphosphonic
acid and slowly injected together with TOPSe into a mixture of HAD-/TOPO-
containing CdSe core nanocrystals. After the formation of CdSe/ZnSe QDs,
mercaptocarboxylic acids were introduced to make them water soluble and the
photoluminescence efficiencies in organic solvents as well as in water after func-
tionalization with mercaptoundecanoic acid could reach 60—85 % [8]. In our group,
CdSeTe@ZnS-Si0O, QDs were prepared with ZnS-like clusters filled into the SiO;
shell via a microwave-assisted approach (shown in Fig. 2.1). The mercaptopropi-
onic acid (MPA)-capped green-emitting CdSeTe alloy quantum dots were firstly
prepared and purified. After that, the CdSeTe QDs were coated with a silica layer
at room temperature in the presence of Zn** and glutathione (GSH). Lastly, the
silica-coated QDs were refluxed under microwave irradiation. With the increase in
reaction time, the fluorescence gradually changed from dim green to bright orange
under a 365-nm excitation and quantum yield was enhanced from 11.9 to 56.9 %
with thodamine 6G as standard before and after the ZnS—SiO» coating [12].

2.2 New Emerging Quantum Dots

For traditional QDs, cadmium is the main element for their composition. However,
it is well known that leaked cadmium ions are culprits for the observed cytotoxicity
of cadmium-based QDs, which hampers their further applications to cellular or in
vivo study. With the demand for more biocompatible QDs as the signal reporter, the
emphasis has shift toward the fabrication of cadmium-free quantum dots (CFQDs)
for applications in biology, such as silicon QDs (Si QDs), carbon dots (C-dots),
graphene QDs (GQDs), AgsSe, AgsS, InP, CulnS,/ZnS. Strictly, some of them are
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Fig. 2.1 Synthetic pathway for the preparation of CdSeTe@ZnS-SiO, QDs. Reproduced with
permission from Ref. [12]. Copyright 2012, Royal Society of Chemistry

not new emerging member, such as silicon QDs, which appeared even as early as
1990. But due to their good biocompatibility, we summarized Si QDs in this sec-
tion and metal nanoclusters are also included because of their excellent properties
and wide applications as luminescent probes for biosensing and bioimaging.

2.2.1 Silicon Dots

Silicon has been known to be an indirect bandgap semiconductor with poor opti-
cal properties for a long time. It was until the 1990s when efficient light emission
from silicon was reported by Canham [13] and quantum confinement to explain
features of porous silicon absorption spectra was proposed by Lehman [14] that
silicon nanocrystals attracted more and more interests of researchers. There are
three distinct photoluminescence bands for Si QDs, one in the infrared, one in the
red, and one in the blue light range. The strongest advantage of Si QDs as opti-
cal reporter lies in their good biocompatibility. Si QDs were claimed to be at least
10 times safer than Cd-based QDs under UV irradiation [15], and Canham even
proposed nanoscale Si as a food additive [16]. Until now, numerous methods have
been reported to produce colloidally and optically stable, water-dispersible Si QDs,
incorporating a range of bottom-up and top—down approaches [17]. However,
a key obstacle for their applications in bioimaging results from their oxidative
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degradation in the biological environment. For a solution, surface modification
is necessary. Erogbogbo et al. prepared Si QDs through a nanoparticle synthesis,
surface functionalization, PEGylated micelle encapsulation, and bioconjugation
process. The obtained Si QDs could be used in multiple cancer-related in vivo
applications, including tumor vasculature targeting, sentinel lymph node mapping,
and multicolor NIR imaging in live mice, which showed great potentials of Si QDs
as biocompatible fluorescent probes for both in vitro and in vivo imaging [18].

2.2.2 Carbon Dots

C-dots are a new class of carbon nanomaterials with sizes below 10 nm, which
were first obtained during purification of single-walled carbon nanotubes through
preparative electrophoresis in 2004 [19]. Since the discovery of their excellent
optical property, C-dots have attracted wide attentions and displayed great poten-
tials in biological applications. A special optical property of C-dots is that besides
normal or down-converted photoluminescence, they were shown to possess excel-
lent up-converted PL (UCPL), which enables the design of high-performance,
complex catalyst systems based on C-dots for efficient utilization of the full spec-
trum of sunlight [20-23]. Additionally, C-dots can exhibit PL emission in the near-
infrared (NIR) spectral region under NIR light excitation, which is particularly
significant and useful for in vivo bionanotechnology because of the low autofluo-
rescence and high tissue transparency in the NIR region [24, 25]. Except strong
fluorescence, C-dots also own other properties such as electrochemical lumines-
cence [26-28], photoinduced electron transfer property [29, 30], photocatalysis
[22], optoelectronics [31, 32], which all extend their applications in various areas.
As a type of C-dots, the GQDs have also attracted a lot of interest from
researchers over the past few decades because of their fascinating optical and elec-
tronic properties. As graphene is a zero-bandgap material, in principle, the band-
gap of graphene can be tuned from 0 eV to that of benzene by varying their sizes
[33, 34]. The 1D graphene sheets could be converted into 0D GQDs, which assume
numerous novel chemical and physical properties due to the pronounced quantum
confinement and edge effects [35, 36]. Although GQDs are considered as a mem-
ber of C-dot family, there are still some differences between them [37]. The C-dots
are either amorphous or crystalline, while GQDs possess graphene lattices inside
the dots, regardless of the dot sizes [38]. Additionally, luminescent C-dots com-
prise discrete, quasi-spherical carbon nanoparticles with sizes below 10 nm, while
GQDs are always defined as the graphene sheets with lateral dimensions than
100 nm in single, double, and few (3 to <10) layers [31, 34]. In general, the aver-
age sizes of GQDs are mostly below 10 nm, and up to now, the largest diameter
of GQDs reported is 60 nm, which is dependent on the preparation methods [39].
Similar to C-dots, the properties of photoluminescence, good electron mobility
and chemical stability, electrochemical luminescence, and photocatalyst of GQDs
have been widely employed in the fabrication of numerous sensors and bioimaging
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[37, 40]. Except Si QDs, C-dots, or GQDs, other kinds of cadmium-free QDs have
also been well developed due to their good biocompatibility and excellent optical
properties, such as InP [41], InP/ZnS [42], CulnS,/ZnS [43, 44], Ag>Se [45], AgsS
[46]. They all showed promising potentials in biological imaging applications.

2.2.3 Metal Nanoclusters

As a viable alternative to QDs, fluorescent metal nanoclusters, known as ultras-
mall size, good biocompatibility, and excellent photostability, have become a new
class of fluorescent labels for biological applications. Among them, Au and Ag
nanoclusters attract much more attentions. Actually, at the beginning of the obser-
vation of photoluminescence from the noble metals, little attention was paid due
to the extremely low quantum yield (QY) of 10! and much more interests have
been attracted by researchers until the much enhanced QY reached to the range
of 1073 to 10~! [47]. Until now, a lot of Au and Ag NCs stabilized with different
scaffolds (protein, peptide, and oligonucleotide) have been developed and applied
for the detection of thiol compounds [48], metal ions [49, 50], protein [S1, 52],
DNA [53], RNA [54] as well as intracellular and in vivo bioimaging. Dickson and
coworkers successfully transferred poly (acrylic acid)-stabilized Ag NCs (PA-SCs)
to anti-actin Ab/C12 and anti-a-tubulin/C12 conjugates to obtain fluorogenic sil-
ver cluster biolabels for cell surface labeling [55]. Wang et al. reported fluorescent
Au NCs could be spontaneously biosynthesized by cancerous cell incubated with
micromolar chloroauric acid solutions, a biocompatible molecular Au (III) species,
which could not occur in noncancerous cells. They further realized in vivo self-
bioimaging of tumors by subcutaneous injections of millimolar chloroauric acid
solution near xenograft tumors of the nude mouse model of hepatocellular carci-
noma or chronic myeloid leukemia. This opens up promising opportunities of fluo-
rescent metal nanoclusters for in vivo bioimaging [56]. Specially, DNA-stabilized
Ag NCs possess obvious advantage in DNA biosensing because of the easy assem-
bly of DNA sequence. Werner and colleagues designed a nanocluster beacon to
detect a DNA sequence related to the human Braf oncogene based on an inter-
esting phenomenon that the red fluorescence of DNA-stabilized Ag NCs could be
enhanced 500-fold when placed in proximity to guanine-rich DNA sequences [57].

2.3 Preparation and Functionalization

2.3.1 Cadmium-Based Quantum Dots

A lot of synthetic methods have been developed for QD preparation, which can
be divided into two classifications: physical approach and chemical approach.
Physical approach, which was mainly referred to epitaxial growth and/or
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nanoscale patterning, has been widely used to provide QDs predominantly by the
combination of high-resolution electron beam lithography and subsequent etching.
However, the production of defection formation, size nonuniformity, poor inter-
face quality, and even damage to the bulk of the crystal itself became the main dis-
advantages of this method. In contrast, the size and composition of QDs prepared
by chemical approach are easily controlled and the average size distribution varies
within 5-10 %. The basic process of this method relies on the pyrolysis of orga-
nometallic and chalcogen precursors, where rapid nucleation followed by slower
and steady growth is desired [58]. A typical protocol involved the following steps:
Firstly, heat tri-n-octylphosphine oxide (TOPO) to a high temperature under argon
or nitrogen atmosphere and then inject a hot solution containing the precursors to
initiate rapid homogeneous nucleation. After removing the heat to lower the tem-
perature of the reaction mixture quickly, the crystal growth continues for some
time at a lower temperature [59]. Take the synthesis of cadmium selenide (CdSe)
QDs, for example. Me,Cd was chosen as the Cd source, and TOPSe was selected
as chalcogen source due to their ease of preparation and good stability. The pre-
cursors were rapidly injected into the hot TOPO solution at 300 °C with vigor-
ous stirring to produce a deep yellow/orange solution. Such rapid injection was
accompanied by a sudden decrease in temperature to ~180 °C, and the nucleation
was stopped. After restoring to heat the reaction flask to 230-260 °C, the growth
of QDs continued and their sizes were further controlled by the reaction time
[4]. However, Me,Cd as the raw material was toxic, combustible, expensive, and
unstable at room temperature. Meanwhile, the formed insoluble metallic precipi-
tate after the injection of Me,Cd into the hot TOPO also limited the wide use of
this method. As a safer alternative, cadmium oxide (CdO) was chosen as an effec-
tive cadmium precursor first proposed by Peng et al. CdO, TOPO, and HPA/TDPA
were loaded in a three-neck flask. At about 300 °C, reddish CdO powder was dis-
solved and generated a colorless homogenous solution. Then, the introduction of
tellurium, selenium, and sulfur stock solutions yields high-quality quantum rods
and dots of CdTe, CdSe, and CdS. This one-pot synthetic scheme brought a major
step toward a green chemistry approach for synthesizing high-quality semiconduc-
tor nanocrystals [60, 61].

However, the applications of QDs in biological systems required they are water
soluble. Therefore, numerous methods have been developed for creating hydro-
philic QDs. One effective route is to exchange the hydrophobic layer of organic
solvent with hydrophilic ligands such as thiol-containing molecules [62-66] and
peptides [67], which was designated as “cap exchange.” Another route is native
surface modification, for example encapsulation by a layer of amphiphilic diblock
[68, 69], triblock copolymers [70, 71], silica coating [72, 73], or phospholipid
micelles [74, 75]. This two-step method for the hydrophilic QDs preparation
broadened their biological applications greatly. However, direct synthesis of hydro-
philic QDs in aqueous solution might be more favorable because of its simplicity,
high reproducibility, and lower toxicity [76]. To achieve this aim, 3-mercaptopro-
pionic acid (MPA) [77-79], 2-mercaptoethylamine acid (MA), thioglycolic acid
(TGA) [80], and L-cysteine [81-83] are used as the stabilizers for one-step
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synthesis of hydrophilic QDs. Gao et al. prepared water-soluble CdTe QDs
through the reaction between Cd>* and NaHTe, with TGA as the stabilizer. They
controlled the ratio of Cd?>*, NaHTe, and TGA and adjusted the pH value to 4.5—
5.0. The combination between thiol group of TGA and Cd?* promoted not only
the hydrophilic stability but also the photoluminescent quantum yield [84, 85].
Besides, microwave-assisted green synthesis has been popular for the preparation
of QDs. In comparison with conventional thermal techniques, microwave dielec-
tric hearting has a few merits, such as fast heating and 1-2 orders of magnitude
increase in the kinetics of the reaction rate. Specifically, microwave dielectric heat-
ing could realize the rapid and homogeneous growth of nanocrystals, which is
extraordinarily beneficial for preparing high-quality NCs. With the help of micro-
wave irradiation, CdTe, CdTe/ZnS, and CdTe/CdS/ZnS nanocrystals with high
photoluminescent quantum yield and excellent photostability were synthesized
successfully by He et al. [86—88].

2.3.2 Cadmium-Free Quantum Dots

Compared with cadmium-based QDs, available protocols for the synthesis of Si
QDs are limited. As a whole, strategies for the preparation of Si QDs are gener-
ally composed of solution-phase-based methods [89-91], microemulsion synthe-
sis [92], thermally induced disproportionation of solid hydrogen silsesquioxane
in a reducing atmosphere, and so on [93]. Swihart’s group successfully prepared
water-dispersible Si QDs with blue, green, and yellow photoluminescence by the
functionalization with acrylic acid in the presence of HF. However, as illustrated,
these Si QDs still cannot satisfy the colloidal and spectral stability in biological
environments [94]. Then, they further proposed a method for the preparation of
water-dispersible and biocompatible Si QDs using phospholipid micelles. They
were prepared by laser-driven pyrolysis of silane, followed by HF-HNOj3 etching,
and the obtained Si QDs were dispersible in chloroform because of the surface
functionalization of styrene, octadecene, or ethyl undecylenate. For water solubil-
ity, phospholipid micelles were then introduced and a hydrophilic shell with PEG
groups was formed on the surface of Si QDs. Such micelle-encapsulated Si QDs
displayed good application as biological luminescent probe in in vitro cell labeling
[95]. Kauzlarich proposed a microwave-assisted reaction to produce hydrogen-
terminated Si QDs. Two different methods were developed for the water-soluble Si
QDs: hydrosilylation produced 3-aminopropenyl-terminated Si QDs, and a modi-
fied Stober process produced silica-encapsulated Si QDs. Both of them exhibited a
maximum emission at 414 nm with intrinsic fluorescence quantum yield efficien-
cies of 15 and 23 %, respectively [96].

Synthetic methods for C-dots and GQDs are generally classified into two cat-
egories: top—down method and bottom—up method. Top—down methods com-
monly make use of laser ablation and electrochemical oxidation, where C-dots
and GQDs are formed or “broken off” from a larger carbon structure and larger
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graphene sheets, respectively. Kang et al. developed an alkali-assisted electro-
chemical method to prepare C-dots with graphite rods as both anode and cathode
and NaOH/EtOH as electrolyte. The judicious cutting of a graphite honeycomb
layer into ultrasmall particles leads to tiny fragments of graphite, producing
C-dots (Fig. 2.2a) [22]. Pan et al. prepared GQDs with bright blue photolumines-
cence by hydrothermal cutting of oxidized graphene sheets. The starting material,
micrometer-sized ripped graphene sheets obtained by thermal reduction of gra-
phene oxide sheets, was first oxidized in concentrated H,SO4 and HNOj3. After
that, the hydrothermal treatment of the oxidized graphene sheets at 200 °C was
performed, resulting in the dramatical decrease in the size of graphene sheets.
Ultrafine GQDs were isolated by a dialysis process (Fig. 2.2b) [36]. Bottom—up
approaches typically refer to solution chemistry methods during which C-dots and
GQDs are formed from molecular precursors. For example, Li et al. reported a
solution-chemistry-based approach to large, stable colloidal GQDs with uniform
size and shape based on oxidative condensation reactions. The oxidation of poly-
phenylene dendritic precursors led to fused graphene moieties, which were then
stabilized by multiple 2’,4,6'-trialkyl phenyl groups. The crowdedness on the
edges of the graphene cores twists the substituted phenyl groups from the plane
of the core, leading to alkyl chains closing the latter in all three dimensions and
reducing face-to-face interaction between the graphenes to produce large, stable
GQDs [97]. Puvvada et al. [98] prepared water-soluble C-dots through microwave-
assisted pyrolysis of an aqueous solution of dextrin in the presence of sulfuric

[hydrothermal
deoxidization!

(b)

Fig. 2.2 a Schematic diagram of electrochemical fabrication of C-dots. Reproduced with per-
mission from Ref. [22]. Copyright 2012, Royal Society of Chemistry. b Mechanism for the
hydrothermal cutting of oxidized graphene sheets into GQDs. A mixed epoxy chain composed
of epoxy and carbonyl pair groups (left) is converted into a complete cut (right) under the hydro-
thermal treatment. Reproduced with permission from Ref. [36]. Copyright 2010, Wiley
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acid. It should be noted that the cage-opening of fullerene is another bottom—up
approach for the synthesis of GQDs. Loh et al. successfully obtained GQDs by
metal-catalyzed cage-opening of Cgp [99].

2.3.3 Metal Nanoclusters

The metal nanoclusters are formed by the reduction of metal ions. However, such
reduction of metal ions in aqueous solution always results in large nanoparticles
rather than small NCs due to the tendency of NCs to aggregate [100]. Therefore,
choosing suitable stabilizer to protect clusters from aggregating and enhancing
their fluorescence is the key to obtain small and highly fluorescent metal NCs.
Depending on the protection group, Au/Ag NCs are prepared mainly in six scaf-
folds: thiol-containing small molecules, dendrimers, polymers, DNA oligonu-
cleotides, peptides, and proteins. Each kind of template has different roles in the
synthesis of Au or Ag NCs. DNA oligonucleotides are widely employed in the
preparation of fluorescent Ag NCs as good stabilizers because silver ions pos-
sess a high affinity to cytosine bases on single-stranded DNA. A serial of Ag NCs
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Fig. 2.3 a Schematic of the synthesis of DNA-stabilized Ag NCs. Reproduced with permis-
sion from Ref. [111]. Copyright 2004, American Chemical Society. b Schematic of the forma-
tion of Au NCs with BSA as the scaffold. Upon the addition of HAuCly to the aqueous BSA
solution under vigorous stirring, the protein molecules sequestered Au ions and entrapped them.
After adjusting the pH to about 12 with NaOH, the Au ions were reduced by BSA to form Au
NCs with red emissions in situ. Reproduced with permission from Ref. [103]. Copyright 2009,
American Chemical Society
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with different fluorescent emission wavelengths have been produced with various
DNA sequences as the stabilizers [101]. Contrary to tremendous reports on DNA-
templated Ag NCs, studies on the synthesis of luminescent Au NCs with DNA as
the capping agents are scarce. Only Chen et al. reported that the atomically mono-
disperse Au NCs could be obtained by etching gold particles with the help of
amino acids, proteins, and DNA under sonication in water [102]. Unlike DNA oli-
gonucleotides, proteins as the scaffolds offer more potentials in fluorescent Au NC
formation. The first fluorescent protein-templated Au NCs were reported by Ying
and coworkers in 2009. They developed a simple, green synthetic route for the
preparation of Au NCs with red emissions based on the capability of bovine serum
albumin (BSA) to sequester and reduce Au precursors [103]. Except BSA, other
proteins such as lysozyme [104], transferrin [105], and HRP enzyme [106] have
also been proved to act as efficient scaffolds for producing fluorescent Au NCs.
In 2007, Dickson et al. reported a significant advance in producing fluorescent
Ag NCs in vivo by ambient temperature photoactivation with nucleolin protein as
the scaffold. Inspired by this, they further designed a short peptide incorporating
the specific amino acids most prevalent in nucleolin and several cysteine groups
to stabilize fluorescent Ag NCs directly in phosphate buffer [107]. Details about
thiol-containing molecules, dendrimers, and polymers as the scaffold for the syn-
thesis of Au and Ag NCs can be referred to other reviews [100, 108—110]. The
main synthetic approaches for DNA-templated Ag NCs and BSA-stabilized Au
NCs are illustrated in Fig. 2.3.

(c)
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Fig. 2.4 Schematic presentation of various methods for the preparation of QD bioconjugates.
a Electrostatic interaction between a positively charged protein and a negatively charged QD
surface or between a negatively charged oligonucleotide and a positively charged QD surface. b
Amide bond formation between carboxyl and amino groups by EDC/NHS chemistry. ¢ Coupling
between amine and thiol groups via the cross-linker SMCC. d Conjugation between hydroxyl
and thiol groups. e Hydrophobic interactions between alkyl on QD surface and lipid or liposome
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2.3.4 Quantum Dot Bioconjugation

Labeling of biomolecules, such as oligonucleotides, peptides, and proteins, to
the QDs without disturbing the biological function of these molecules is usu-
ally required for their applications in biosensing. Commonly used approaches
for QD bioconjugation with biological molecules include nonspecific adsorp-
tion, multivalent chelation, mercapto (-SH) exchange, and covalent linkage [112].
Several small molecules, such as oligonucleotides and serum albumins, are readily
adsorbed to the surface of water-soluble QDs [113, 114]. However, such adsorp-
tion is influenced much by the ionic strength, pH, temperature, and the surface
charge of the molecule. A more stable linkage is realized by covalently link-
ing biomolecules to the functional groups of QDs using cross-linker molecules.
Examples of covalent cross-linking methods include carbodiimide-mediated
amide formation, active ester maleimide-mediated amine, and sulthydryl coupling.
Among them, carbodiimide-activated coupling between amine and carboxylic
groups displays obvious advantage because most proteins contain primary amine
and carboxylic acid groups and no further chemical functionalization is needed for
QD conjugation [115, 116]. Figure 2.4 shown below presents a summary of vari-
ous methods for the preparation of QD bioconjugates.
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Chapter 3
Quantum Dot-Fluorescence-Based
Biosensing

Abstract Since the emergence of quantum dots (QDs), their excellent fluorescent
properties have been widely used in the fabrication of biological sensors for vari-
ous analytes, such as metal ions, environmental samples, protein, deoxyribonucleic
acid (DNA), and ribonucleic acid (RNA). More importantly, some of these sensors
can realize not only fixed cell labeling, imaging of live cell dynamics, in situ tissue
profiling, but also in vivo animal imaging. A lot of reviews have well summarized
these in vitro diagnostic applications and in vivo imaging and sensing applications
of QDs. In this chapter, we mainly focus on QDs-fluorescence-based biosensing in
DNA, RNA, and DNA microarrays. The introduction of QDs in this aspect promoted
the sensitivity, stability, and diversity of DNA and RNA detection obviously.

Keywords Quantum dots * DNA biosensor ¢ Fluorescence ¢ RNA analysis * DNA
microarray

3.1 QDs for DNA Analysis

3.1.1 Main Types for DNA Detection

As illustrated in the introduction part, deoxyribonucleic acid (DNA) biosensing has
important significance because of the useful information they possess for disease
diagnosis. One simple type of DNA detection systems is based on the hybridization
between a DNA target and its complementary probe, where DNA target is commonly
directly labeled with QDs. However, such modification of DNA target has less feasibil-
ity in practice. For better applications, other types of DNA biosensors such as sand-
wich structure, competitive system, and molecular beacon (MB) have been studied a
lot during the past decades (Fig. 3.1). Fluorescence resonance energy transfer (FRET)
has been widely employed in these kinds of DNA biosensors. FRET is a nonradiative
process whereby an excited-state donor D (usually a fluorophore) transfers energy to a

J.-J. Zhu et al., Quantum Dots for DNA Biosensing, SpringerBriefs in Molecular Science, 25
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Fig. 3.1 Main types for DNA detection. a competitive system, b sandwich system, and ¢ molecular
beacon structure

proximal ground-state acceptor A through long-range dipole—dipole interactions [1-3].
The acceptor must absorb energy at the emission wavelength(s) of the donor, but does
not necessarily have to remit the energy fluorescently itself. The rate of energy transfer
is highly dependent on many factors, such as the extent of spectral overlap, the relative
orientation of the transition dipoles, and, most importantly, the distance between the
donor and acceptor molecules [4, 5]. FRET is very appealing for bioanalysis because
of its simpleness of building ratiometric fluorescent systems. At the beginning, the
FRET-based sensing systems were designed with organic dye as donors. With the
appearance and development of QDs, more and more QD-based FRET DNA biosen-
sors have emerged. The wide use of QDs as the donors in FRET can be ascribed not
only to their high fluorescence quantum yield, strong resistance to photobleaching,
but also to their broad excitation wavelengths and narrow and symmetric size-tunable
emission spectra. These characteristic properties make their great promise in FRET
assays [6]. This method avoided the numerous problems linked to DNA intercalating
dyes commonly used for DNA imaging (photobleaching, photoinduced cleavage, and
modification of the DNA properties). Krull et al. developed a multiplexed solid-phase
nucleic acid hybridization assay on a paper-based platform using multicolor immobi-
lized QDs as donors in FRET, which could reach a detection limit of 90 fmol and an
upper limit of dynamic range of 3.5 pmol. As shown in Fig. 3.2, the surface of paper
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Fig. 3.2 Design of the paper-based solid-phase multiplexed nucleic acid hybridization assay
using multicolor immobilized QDs as donors in FRET. Hybridization with Cy3-labeled SMN1
and A647-labeled target oligonucleotides provided the proximity for FRET-sensitized emission
from Cy3 and A647 dyes. Reproduced with permission from Ref. [7]. Copyright 2013, American
Chemical Society

was modified with imidazole groups to immobilize two types of QDs—DNA probes.
Green-emitting QDs (gQDs) and red-emitting QDs (rQDs) served as donors with Cy3
and Alexa Fluor 647 (A647) as acceptors. The gQD/Cy3 FRET pair served as an inter-
nal standard and the rQD/A647 FRET pair served as a detection channel, combining
the control and analytical test zones in one physical location. Hybridization of dye-
labeled oligonucleotide targets provided the proximity for FRET-sensitized emission
from the acceptor dyes, which serves as an analytical signal [7]. Recently, new emerg-
ing zero-bandgap carbon nanomaterials, graphene, and graphene oxide (GO) have
been widely used as energy acceptors combining with QDs as donors in DNA sensing.
He et al. prepared DNA—CdTe by a one-pot method and developed a biosensor based
on FRET from the DNA-functionalized CdTe nanocrystals to graphene for the detec-
tion of the hepatitis B virus (HBV) surface antigen gene [8].

In a typical sandwich structure, two specific DNA probes are required, i.e.,
reporter and capture probe. These two probes are labeled with QDs as donor and
fluorophore or quencher as acceptor, respectively. They are partly complemen-
tary to the target DNA sequence. Thus, in the presence of target DNA, it becomes
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sandwiched by reporter and capture probes, which brings the QD donor and fluo-
rophore or quencher acceptor close proximity causing the FRET phenomenon. The
detection of decreased fluorescence emission of QDs or increased fluorescence
emission intensity of acceptor indicates the presence of target DNA, and their quan-
tification can also be realized. A simple example was demonstrated by Asahi. They
developed a sandwich structure for DNA and antigen detection based on self-assem-
bly of multiwalled carbon nanotubes (CNTs) and CdSe quantum dots (QDs) via
oligonucleotide hybridization. QDs and CNTs were conjugated with different DNA
oligos, which were both complementary to the target DNA. In the presence of target
complementary oligonucleotides, QDs and CNTs assembled into nanohybrids via
DNA hybridization bringing a fluorescence response to the target DNA amount and
a 0.2-pM DNA detection limit was achieved [9]. Huang et al. described a nucleic
acid sandwich hybridization assay with a QD-induced FRET reporter system, as
shown in Fig. 3.3. Hemagglutinin H5 sequences (60-mer DNA and 630-nt cDNA
fragment) of avian influenza viruses were chosen as the target. Two oligonucleo-
tides (16 mers and 18 mers) that complement to the two separate, but neighboring
regions of the target sequence were designed as the capturing and reporter probes,
respectively. They were conjugated with QD655 (donor) and Alexa Fluor 660 dye
(acceptor) at first. The sandwich hybridization occurred once the existence of target
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Fig. 3.3 Schematic illustration of the sandwich hybridization assay with a QD-induced FRET
reporter system for HS target DNA detection. a Sandwich hybridization with H5 sequence (tar-
get) by the capturing probes conjugated on QD655 (FRET donor) and the reporter probes labeled

with Alexa Fluor 660 (FRET acceptor); b FRET emission shift before and after the sandwich
hybridization. Reproduced with permission from Ref. [10]. Copyright 2012, MDPI AG
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sequence causing a FRET signal response, which was monitored by a homemade
optical sensor comprising a single 400-nm UV light-emitting diode (LED), optical
fibers, and a miniature 16-bit spectrophotometer [10].

In a competitive system, as shown in Fig. 3.1a, two specific DNA probes are
required, too. They are labeled with donor and acceptor as the same as those in a
sandwich structure. The difference from a sandwich system is that these two DNA
probes are complementary to each other and one of them is complementary to the
target DNA. In the presence of target DNA, it can compete with probe A to hybrid-
ize with probe B to form a more stable duplex. The donor is thus far away from
acceptor producing a signal response to the target DNA. Krull demonstrated the
use of red-emitting streptavidin-coated QDs (QD(605)) as donors in FRET to intro-
duce a competitive displacement-based assay for the detection of oligonucleotides.
QD-DNA bioconjugates featuring 25-mer probe sequences diagnostic of Hsp23
were prepared as capture probe. The hybridization between capture probes and dye-
labeled (Alexa Fluor 647) reporter sequences which were partly complementary to
capture probe provided a FRET-sensitized emission signal due to proximity of the
QD and dye. After competition with target sequence, fully complementary recogni-
tion motif embedded within a 98-mer displacer sequence, a nM level for competi-
tive displacement hybridization assays for in vitro DNA analysis was achieved [11].

Molecular beacons are oligonucleotide hybridization probes that can report
the presence of specific nucleic acids in homogenous solutions. They are hairpin-
shaped molecules with a fluorescent label and quencher at each end. QDs are usually
employed in MBs as the donor for nucleic acid detection. As shown in Fig. 3.1c, the
probe sequence is complementary to target DNA sequence. In the absence of target
DNA, a hairpin-like stem-loop structure is formed, causing FRET took place. Once
target DNA exists, such hairpin structure is changed into a duplex by the hybridiza-
tion between probe sequence and target DNA. This causes the separation of QD donor
from the quencher, giving a “signal on” response to the target DNA. Mattoussi et al.
described the synthesis and characterization of a thiol-reactive hexahistidine peptidic
linker that could be chemically attached to thiolated-DNA MB and mediated their self-
assembly to CdSe/ZnS core—shell QDs. The hairpin DNA stem structure brought the
dye acceptor into close proximity r of the QD establishing efficient FRET. The pres-
ence of DNA complementary to the MB would unwind the stem-loop structure alter-
ing the donor—acceptor distance to r’ and changing the FRET efficiency (Fig. 3.4a)
[12]. Similarly, Chen et al. described a hybrid fluorescent nanoprobe composed of a
nuclease-resistant MB backbone, CdSe/ZnS core—shell QDs as donors, and gold nan-
oparticles (Au NPs) as quenchers, for the real-time visualization of virus replication
in living cells (Fig. 3.4b). A hexahistidine-appended Tat peptide self-assembled onto
the QD surface was employed for the noninvasive delivery of the nanoprobe. Upon
the existence of the target sequence, coxsackievirus B6 (CVB 6) genome, a 7.3-fold
increase in fluorescent signal could be achieved and the real-time detection of infec-
tious viruses as well as the real-time visualization of cell-to-cell virus spreading could
be realized [13]. For multiple applications, QDs with different fluorescent emissions
have been linked to different MBs, allowing for simultaneous detection within one
solution [14]. MBs are extremely target specific, primarily because of the competition
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Fig. 3.4 A schematic representation of Hise-peptide-linker-facilitated self-assembly of a molec-
ular beacon structure with or without the complementary DNA. Reprinted with the permission
from Ref. [12]. Copyright 2007 American Chemical Society (a) and the QD-MB—AuNP probe
with or without presence of the complementary viral RNA (b). Reproduced with permission from
Ref. [13]. Copyright 2010, Royal Society of Chemistry

between internal hybridization within the stem structure and hybridization between
the target and the loop structure [15]. Owing to such high specificity, MB has been
commercially used in PCR or reverse transcriptase PCR (RT-PCR) kit. As illustrated
above, fluorophore and quencher are tagged to each end of the MB. When the bea-
con unfolds in the presence of the complementary target sequence, the fluorescence of
fluorophore will be recovered. The amount of fluorescence at any given cycle, or fol-
lowing cycling, depends on the amount of specific product and can be easily detected
in a thermal cycler. For quantitative PCR, MBs bind to the amplified target following
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each cycle of amplification and the resulting signal is proportional to the amount of
template. Fluorescence is monitored and reported during each annealing step when
the beacon is bound to its complementary target. This information is then used during
PCR or RT-PCR experiments to quantify initial copy number. Although lots of QD-
based MB systems for DNA, protein, and tumor cell detection have been well docu-
mented, no commercial kit has been found in the market yet.

A phenomenon that electron transfer between QDs and DNA induces QD emis-
sion quenching is attractive for the development of label-free DNA detection and
delivery systems. Clapp et al. designed a pH-responsive pentablock copolymer to
form stable complexes with plasmid DNA via tertiary amine segments for poten-
tial use in gene delivery monitoring. As shown in Fig. 3.5, QDs can be quenched
by the free pentablock copolymer or free DNA, but not by penta/DNA complex.
Once polyplex dissociates, the released pentablock copolymer and DNA will
lead to QD quenching, and thus, polyplex dissociation can be monitored with
the decrease in QD fluorescence. Good behavior of QDs in monitoring the dis-
sociation of pentablock copolymer/DNA polyplexes in vitro was demonstrated in
this report, but further application for studying the release of DNA within cells
did not realize [16]. Weil et al. prepared a protein-derived biopolymer coating for

Fig. 3.5 Schematic illustration of the mechanism of sensing pentablock copolymer/DNA poly-
plex dissociation using QDs. QDs can be quenched by the free pentablock copolymer and/or
free DNA, but not by penta/DNA polyplex. Once polyplex dissociates, the released pentablock
copolymer and DNA will lead to QD quenching in such a way that polyplex dissociation can be
monitored with the decrease in QD fluorescence. Reproduced with permission from Ref. [16].
Copyright 2011, American Chemical Society
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Fig. 3.6 Confocal imaging of cBSA-QDs and cBSA-QD/DNA complexes. a cBSA-QDs incu-
bated with A549 cells for 5 h. b cBSA-QDs incubated with A549 cells for 24 h. ¢ cBSA-QD/
DNA complexed incubated with A549 cells for 5 h. d cBSA-QD/DNA complexed incubated
with A549 cells for 24 h. Cell membranes were labeled with CellMask Deep Red tracker and
are shown in red color, and cBSA-QDs are shown as green points. Reproduced with permission
from Ref. [17]. Copyright 2012, Wiley

efficiently encapsulating QDs which are highly photoresponsive to DNA. Once
cBSA-QD/DNA complex were formed, a decrease in the emission intensity of
QDs could be observed with increasing DNA content. They realized the intracel-
lular gene delivery tracking. The quenched fluorescence intensity of cBSA-QD/
DNA complexes at the beginning of the gene transfection experiment was recov-
ered after DNA release after 24 h (Fig. 3.6) [17].

3.1.2 Multiplex DNA Detection

A powerful advantage of QDs in DNA sensing lies in their ability in multi-
plex DNA detection, which is ascribed to their size-tunable photoluminescence
and the broad absorption spectra with narrow emission bands. Broad absorption
spectra allow multiple QDs to be excited with a single light source, simplifying
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instrumental design, increasing detection speed, and lowering cost. QD emission
bands can be as narrow as 20 nm in the visible range, enabling distinct signals to
be detected simultaneously with very little cross talk [18]. In 2001, Nie’s group
achieved multicolor optical coding for biological assays by embedding different-
sized QDs into polymeric microbeads at precisely controlled ratios. They designed
a model DNA hybridization system using oligonucleotide probes and triple-color-
encoded beads and the coding signals could identify different DNA sequences [19].

In 2005, Zhang et al. developed a sandwich type DNA nanosensor based on
single quantum dot. They chose CdSe/ZnS core—shell nanocrystals as donors and
CyS5 as acceptors. As shown in Fig. 3.7, reporter probe was labeled with Cy5, and
capture probe was modified with biotin to conjugate with streptavidin function-
alized QDs. When a target DNA was present in solution, it was sandwiched by
the two probes. Several sandwiched hybrids were then captured by a single QD
through biotin—streptavidin binding, resulting in a local concentration of targets in
a nanoscale domain. The occurrence of FRET enabled the detection of low con-
centrations of DNA in a separation-free format. The functions of QD are not only
as a FRET energy donor but also a target concentrator to amplify the target signal
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[20]. The size-tunable photoluminescence and the broad absorption spectra of
QDs enable their great promise in multiplex DNA biosensing. In 2010, they suc-
cessfully applied this similar proposal for multiplex DNA detection [21].

Recently, they further improved their design and described a liposome/QD-
based single-particle detection technique for multiple DNA targets with attomolar
sensitivity even without the involvement of any amplification step. As shown in
Fig. 3.8, the carboxyl-functionalized liposome/QD (L/QD) complex and carboxyl-
modified magnetic beads were covalently conjugated with the amino-terminated
oligonucleotides, producing the reporter probe and the capture probe, respectively.
The presence of target DNA leads to the generation of a sandwich hybrid contain-
ing L/QD complexes and results in the release of QDs, which can be sensitively
counted by single-particle detection. They designed two sets of probes for the
simultaneously determination of HIV-1 and HIV-2 [22].

QD barcodes are another popular approach for multiplexed DNA sensing. Chan
et al. used the continuous flow focusing technique to create over 100 different
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Fig. 3.8 Design principle of liposome/QD complex-based single-particle detection technique.
a L/QD complexes, L/QD complex-tagged reporter probes and magnetic bead-modified capture
probes were prepared first. b Formation of sandwich hybrids in the presence of target DNA and
further purification by magnet. ¢ Release of QDs from L/QD complex and subsequent measure-
ment by single-particle detection. Reproduced with permission from Ref. [22]. Copyright 2013,
American Chemical Society
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barcodes using combinations of different emitting QDs. For application, they
developed QD barcode-based assay for multiplex analysis of nine different gene
fragments from pathogens such as hepatitis B (HBV), SK102 HIV-1, and HCV.
Nine barcodes were prepared by mixing a combination of two different emitting
QDs (500 and 600 nm) with the polymer poly(styrene-co-maleic anhydride) in
chloroform. Different emitting QD barcodes were conjugated with different cap-
ture strands, and a secondary oligonucleotide was conjugated with the dye Alexa
Fluor 647. A library of QD barcodes conjugated with capture strands are mixed
with the secondary oligonucleotide—Alexa Fluor 647 (denoted as SA). When the
target sequence was introduced, a sandwich structure of QD barcode-capture
strand/target sequence/SA was formed. By measuring the optical emission of this
assembled complex in a flow cytometer, a signal response to the target sequence
was observed. It showed the great potential of QD in rapid gene mapping and
infections disease detection [23].

3.2 QDs for RNA Detection

Ribonucleic acid is a ubiquitous family of large biological molecules that perform
multiple vital roles in the coding, decoding, regulation, and expression of genes,
including mRNA, tRNA, rRNA, snRNAs, and other noncoding RNAs. Together
with DNA, RNA comprises the nucleic acids, which, along with proteins, consti-
tute the three major macromolecules essential for all known forms of life. Like
DNA, RNA is assembled as a chain of nucleotides. One of the major differences
between DNA and RNA is the sugar, with 2-deoxyribose being replaced by the
alternative pentose sugar ribose in RNA. The four bases found in DNA are adenine
(abbreviated A), cytosine (C), guanine (G), and thymine (T). A fifth pyrimidine
base, called uracil (U), usually takes the place of thymine in RNA and differs from
thymine by lacking a methyl group on its ring. Table 3.1 shows the other differ-
ences between DNA and RNA.

Some noncoding RNAs such as siRNA, miRNA, and mRNA have attracted more
attention because these RNAs play important roles in regulating proteins and associ-
ated with various types of human cancers [24-26]. The sensitive and selective detec-
tion of RNAs is of great importance in the early clinical diagnosis of cancers, as
well as drug discovery. Northern blotting, quantitative, real-time PCR (qQRT-PCR),
and microarray-based hybridization are the widely used standard methods for ana-
lyzing RNAs [27-31]. However, these methods have some limitations such as poor
reproducibility with interference from cross-hybridization, low selectivity, insuf-
ficient sensitivity, time-consuming, or large amounts of sample required. Thus, the
innovative new tools for rapid, specific, and sensitive detection of RNAs are an
important field of research. As we know, although some differences exist between
DNA and RNA, the chemical structure of RNA is very similar to that of DNA.
Therefore, we can detect RNA according to the methods of DNAs. QDs have been
successfully conjugated with DNA and used in many applications [32, 33]. The
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Table 3.1 Comparison between DNA and RNA

DNA

RNA

Stands for
Definition

Job/role

Unique features

Predominant structure

Bases and sugars

Pairing of bases

Stability

Propagation

Deoxyribonucleic acid

A nucleic acid that contains the
genetic instructions used in the
development and functioning
of all modern living organ-
isms (scientists believe that
RNA may have been the main
genetic material in primitive
life forms)

Medium of long-term storage
and transmission of genetic
information

The helix geometry of DNA is of
B-form. DNA is completely
protected by the body, i.e., the
body destroys enzymes that
cleave DNA. DNA can be dam-
aged by exposure to ultraviolet
rays

Double-stranded molecule with a
long chain of nucleotides

Deoxyribose sugar; phosphate
backbone; four bases: adenine,
guanine, cytosine, and thymine

A-T (adenine—thymine), G-C
(guanine—cytosine)

Deoxyribose sugar in DNA is less
reactive because of C—H bonds.
Stable in alkaline conditions.
DNA has smaller grooves,
which makes it harder for
enzymes to “attack” DNA

DNA is self-replicating

Ribonucleic acid

A single-stranded chain of alternat-
ing phosphate and ribose units
with the bases adenine, guanine,
cytosine, and uracil bonded to
the ribose. RNA molecules are
involved in protein synthesis
and sometimes in the transmis-
sion of genetic information

Transfer the genetic code needed
for the creation of proteins from
the nucleus to the ribosome

The helix geometry of RNA is
of A-form. RNA strands are
continually made, broken down,
and reused. RNA is more resist-
ant to damage by ultraviolet
rays

A single-stranded molecule in most
of its biological roles and has a
shorter chain of nucleotides

Ribose sugar; phosphate backbone.
Four bases: adenine, guanine,
cytosine, and uracil

A-U (adenine-uracil), G-C
(guanine—cytosine)

Ribose sugar is more reactive
because of C—OH (hydroxyl)
bonds. Not stable in alkaline
conditions. RNA has larger
grooves, which makes it easier
to be attacked by enzymes

RNA is synthesized from DNA
when needed

unique luminescence properties of semiconductor QDs also show a great potential to
develop RNA sensors by implementing the QDs as luminescent labels.

3.2.1 Direct Fluorescence Labeling

QDs have high extinction coefficient and high quantum yield, which should dramati-
cally increase the sensitivity in theory. Therefore, it was thought that the direct labe-
ling of miRNA with QDs could be well used in miRNA detection and applied in
microarray. Liang et al. realized microRNA detection in a microarray configuration
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based on the hybridization of target RNA with a capture probe attached to a solid
support (shown in Fig. 3.9) [34]. 3’-termini biotinylated miRNA targets hybridized
with the corresponding complementary DNA probes, which were immobilized on
glass slides. Streptavidin-modified QDs were conjugated with the biotin—-miRNA
to read out signal (Fig. 3.9a and b). Analysis of a model system indicated that the
detection limit for analyzing miRNA was about 0.4 fmol and the detection dynamic
range spanned across two orders of magnitude, from 156 to 20,000 pM (Fig. 3.9¢).
Moreover, the method was applied to develop an assay for profiling 11 miRNA tar-
gets from rice (Fig. 3.9d). However, the lack of orthogonal conjugation methods for
attaching miRNAs to QDs did not allow the use of different QD colors.

To achieve signal enhancement and multiplexed analysis, QD nanobarcode-
based microbead random array platform for accurate and reproducible gene expres-
sion profiling in a high-throughput and multiplexed format was developed as shown
in Fig. 3.10 [35]. Four different sizes (and thus four different fluorescent colors)
of Qdots, with emissions at 525, 545, 565, and 585 nm, are mixed with a polymer
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Fig. 3.9 Analysis of miRNA by means of fluorescent QDs. a Principle of labeling miRNA at 3
termini with biotin. b Organization of the streptavidin-labeled QDs on a DNA/miRNA duplex
bound to a glass support. ¢ Fluorescence intensities detected upon analyzing different concentra-
tions of a target miRNA (upper panel) and derived calibration curve (lower panel). d Analysis
in an array format of 11 target miRNAs from rice. Reproduced with permission from Ref. [34].
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Fig. 3.10 Schematics of QD-nanobarcoded microbead system for high-throughput gene expres-
sion analysis. a Pseudocolor picture of the microbeads embedded with QDs. b Example spectra
of the beads coded with different mixture of QDs. ¢ Construction of the nanobarcoded micro-
beads. Each bead has a distinctive ratio of four different QDs, allowing identification by a char-
acteristic spectral nanobarcode. The transcript-specific oligonucleotide probes are conjugated
with the bead surface. Therefore, each spectral-barcoded bead detects a specific oligonucleo-
tide determined by the probe. d Gene expression monitoring and quantification sandwich assay.
The nanobarcoded microbead-attached oligo probes capture biotinylated cRNA sample through
hybridization, the cRNA is further sandwiched by the 655-nm streptavidin QDs (or 705, 800 nm)
to be quantified. The gene expression variation is measured by fluorescence levels upon imag-
ing with the Mosaic scanner (Quantum Dot Corp.). Reproduced with permission from Ref. [35].
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and coated onto the microbeads to generate a nanobarcoded microbead termed as
QBeads. Gene-specific oligonucleotide probes are conjugated with the surface of
each spectrally nanobarcoded bead to create a multiplexed panel, and biotinylated
cRNAs are generated from sample total RNA and hybridized to the gene probes on
the microbeads. A fifth streptavidin Qdot (655 nm or infrared Qdot) binds to biotin
on the cRNA, acting as a quantification reporter. Target identity was decoded based
on spectral profile and intensity ratios of the four coding Qdots (525, 545, 565, and
585 nm). The intensity of the 655 nm Qdot reflects the level of biotinylated cRNA
captured on the beads and provides the quantification for the corresponding target
gene. It provides increased flexibility, convenience, and cost-effectiveness in com-
parison with conventional gene expression profiling methods.

3.2.2 Foster (or Fluorescence) Resonance Energy
Transfer System

Several studies have demonstrated the effective use of QD FRET donors to detect
small analytes by utilizing a common strategy that relies on conjugating QDs with
target-binding receptors, which can be either proteins [36, 37], antibody fragments
[38, 39], or DNA aptamers [40, 41]. FRET and QDs were also employed for RNA
analysis. For example, a single-stranded siRNA conjugated with QD was designed
and used as a hybridization probe for the development of a comparatively sim-
ple and rapid procedure for preliminary screening of highly effective siRNA
sequences for RNA interference (RNAi) in mammalian cells (Fig. 3.11) [42].
The target mRNA was amplified in the presence of Cy5-labeled nucleotides, and
Cy5-labeled mRNA served as a hybridization sample. The accessibility and affin-
ity of the siRNA sequence for the target mRNA site were determined by FRET
between a QD (donor) and a fluorescent dye molecule (Cy5, acceptor) localized at
an appropriate distance from each other when hybridization occurred. The FRET
signal was observed only when there was high accessibility between an antisense
siRNA and a sense mRNA and did not appear in the case of mismatch siRNAs.
This method can markedly facilitate the screening of truly effective siRNAs and
significantly shorten the time-consuming siRNA screening procedures.

To improve the detection sensitivity, flexibility, and adaptability, various new
strategies have been developed, such as rolling circle amplification [43], isothermal
amplification [44], and isothermal strand-displacement polymerase reaction [45]. A
novel miRNA detection method based on the two-stage exponential amplification
reaction (EXPAR) and a single QD-based nanosensor was developed (Fig. 3.12)
[46]. EXPAR provides high amplification efficiency, which can rapidly amplify
short oligonucleotides (10°~10°-fold) within minutes. The two-stage EXPAR
involved two templates and two-stage amplification reactions under isothermal con-
ditions [47]. The first-stage reaction (Fig. 3.12a, b) was an exponential amplifica-
tion with the involvement of the X’-X’ template, which enabled the amplification of
miRNA. The second-stage reaction (Fig. 3.12c) was a linear amplification with the
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(a) Principle of detection of FRET-efficiency between QD-labeled SiRNA and Cy5-labeled target mRNA.
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involvement of the X’-Y’ template, which enabled the conversion of miRNA to the
reporter oligonucleotide Y. The newly formed reporter oligonucleotide Y cannot in
turn prime the X'-Y’ template, thus resulting in a linear amplification (Fig. 3.12c).
After amplification, the reporter oligonucleotide Y was sandwiched by a biotinylated
capture probe and a Cy5-labeled reporter probe (Fig. 3.12d). This sandwich hybrid
was then assembled on the surface of a 605QD to form the 605QD/reporter oligo-
nucleotide Y/Cy5 complex through specific biotin—streptavidin binding (Fig. 3.12e).
When this complex was excited by a 488-nm argon laser, the fluorescence signals of
605QD and Cy5 were observed simultaneously due to FRET from 605QD to Cy5
(Fig. 3.12f). Isothermal amplification and the single QD-based nanosensor offer
improved sensitivity and selectivity for miRNA assay.

3.2.3 Sensing Based on DNA-Scaffolded Metal Nanoclusters

Recently, the emergence of noble metal nanoclusters as a novel type of robust and
promising fluorescence materials offers great potential for biological labeling, bio-
sensing, bioimaging, and diagnostic applications [48-50]. They typically consist
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of a few atoms and possess molecular-like optical properties, which are comple-
mentary to those of organic dyes and QDs. Particularly, oligonucleotide-templated
nanoclusters have drawn increasing attention as a fascinating class of fluorophores
due to their amazing features of facile synthesis, ultrafine size, and outstanding
spectral and photophysical properties. Using the fluorescence properties of DNA—
nanosilver clusters (DNA-AgNC), a DNA-AgNC probe that can detect the pres-
ence of target miRNA has been designed (Fig. 3.13) [51]. On the basis of the work
of Richards et al., a sequence was chosen as scaffold to successfully create a red-
emitting AgNC (DNA-12nt-RED: 5-CCTCCTTCCTCC-3) [52]. DNA-12nt-RED
created red-emissive AgNCs, with an emission maximum at 620 nm, molar extinc-
tion coefficient of 120,000 M~ lem™!, fluorescence decay time of 2.23 ns, and a
fluorescence quantum yield of 32 %. Therefore, the DNA-12nt-RED would be an
ideal candidate to be used for developing a DNA-based probe for miRNA detec-
tion. In order to create the probe for detecting miRNA, the complementary DNA
sequence of RNA-miR160 was attached to the DNA-12nt-RED sequence. Just like
DNA-12nt-RED, after addition of AgNOs3 and reduction with NaBHy, the DNA-
12nt-RED-160 probe displayed strong red emission from the AgNCs. Moreover,
the speed of AgNC formation is faster and the overall fluorescence intensity is
about 100 times higher in the DNA-12nt-RED-160 probe versus DNA-12nt-RED.
The reason is likely that DNA-12nt-RED-160 probe could form a self-dimer or a
hairpin structure in the absence of miRNA. In the presence of an increasing con-
centration of RNA-miR160 sequences, the observed red fluorescence decreased,
demonstrating that the DNA-12nt-RED-160 probe can be used for detecting the
RNA-miR160 target molecules by monitoring the generated red fluorescence of
the AgNCs.

A facile detection of microRNA by target-assisted isothermal exponential ampli-
fication (TAIEA) coupled with fluorescent DNA-scaffolded AgNC was also investi-
gated (Fig. 3.14) [53]. The TAIEA reaction utilizes a unimolecular DNA containing
three functional domains as the amplification template, polymerases, and nicking
enzymes as mechanical activators and target miRNA as the trigger, which enables
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Fig. 3.13 Scheme of the miRNA assay based on silver nanocluster DNA probe. Reproduced
with permission from Ref. [51]. Copyright 2011, American Chemical Society
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Fig. 3.14 Detection of miRNA with attomolar sensitivity based on target-assisted isother-
mal exponential amplification (TAIEA) coupled with fluorescent DNA-templated AgNC probe.
Reproduced with permission from Ref. [53]. Copyright 2012, American Chemical Society

the conversion of miRNA to a great amount of the reporter oligonucleotides R
within minutes. After amplification, the reporter oligonucleotide R was acting as a
scaffold for the synthesis of fluorescent silver nanoclusters in the presence of Ag™
through the reduction of NaBH4. The DNA-AgNCs displayed fluorescence emis-
sion at 644 nm upon the excitation at 574 nm, functioning as signal indicators in
a label-free and environmental-friendly format. The method reveals superior sen-
sitivity with a detection limit of miRNA of 2 aM synthetic spike-in target miRNA
under pure conditions (approximately 15 copies of a miRNA molecule in a volume
of 10 pL) and can detect at least a 10 aM spike-in target miRNA in cell lysates.
DNA-AgNCs have attracted an explosion of interest in biological analysis.
However, they have one major problem in practical application, that is, Ag™ ions
can easily form an insoluble product with many general anions, such as Cl~ or
SO42_, to terminate the formation of AgNCs. In addition, the DNA-AgNCs
formation by the reduction of Ag™ ions with NaBH, usually takes one to sev-
eral hours. In contrast to DNA-AgNCs, the newly emerging CuNCs, selectively
formed on a DNA duplex [54-56], offer excellent potential for “on the spot”
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testing with a rapid and simple “mix-and-measure” format. dsSDNA—CuNCs can
be facilely prepared by reducing Cu”* ions with ascorbic acid in the presence of a
DNA duplex within fifteen minutes. More importantly, the Cu?* ions are soluble
in many detection environments and so have no precipitation phenomena like the
Ag+ ions. Therefore, a facile label-free method for sensitive and selective detec-
tion of miRNAs using dSDNA—CuNCs as fluorescent reporters was developed
(Fig. 3.15) [57]. In order to improve the analytical sensitivity, they have intro-
duced the target-triggered isothermal exponential amplification reaction (TIEAR)
to the proposed method. This amplification strategy has shown great potential
as the point-of-care testing with high amplification efficiency under a constant
temperature.

3.2.4 Sensing Based on Fluorescence In Situ Hybridization

In situ detection of RNAs is becoming increasingly important for analysis of gene
expression within and between intact cells in tissues. Fluorescence in situ hybrid-
ization (FISH) of nucleic acid-labeled probes provides a direct visualization of
the spatial location of specific DNA or RNA sequences at a particular cellular
or chromosomal site and in tissue sections [58]. Streptavidin-labeled/biotinylated
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DNA probes have been used for FISH detection of several mRNA targets [59,
60]. However, QDs containing cadmium such as CdSe or CdTe are always
toxic due to the release of Cd**. In view of the inherent toxicity of the cad-
mium, an additional nontoxic ZnS shell was coated onto the CdSeTe/CdS QDs
to minimize the toxicity of NIR-emitting QDs [35, 61]. Trioctylphosphine oxide
(TOPO)-capped CdSe/ZnS QDs was prepared to reduce cytotoxicity of QDs [62].
Amine-modified oligonucleotide probes are designed and covalently attached
to the carboxyl-terminated polymer-coated QDs via EDC chemistry (shown in
Fig. 3.16). The resulting QD-DNA conjugates show sequence-specific hybridiza-
tion with target mRNAs. QD-DNA probes exhibit excellent sensitivity to detect
the low-expressing dorsal-related immunity factor gene. Importantly, multiplex
FISH of ribosomal protein 49 and actin 5C using green and red QD-DNA conju-
gates allows the observation of cellular distribution of the two independent genes
simultaneously.

3.3 QDs for DNA Microarrays

DNA microarrays (also commonly called gene chips, DNA chips, or biochips)
are a collection of microscopic DNA spots attached to a solid surface, such as
glass, plastic, or silicon supports [63, 64]. They were born for the simultaneous
analysis of the expression levels of numerous genes in a single experiment [65].
Since their development in the mid-1990s, DNA microarrays have displayed
enormous potentials in various applications, such as cancer diagnosis or drug
influence on the gene expression level. DNA microarray technology has revealed
a great deal about the genetic factors involved in a number of diseases, including
multiple forms of cancer. At the beginning, microarrays were just employed for
the identification of the differences in gene expression between normal cells and
their cancerous counterparts. Later on, researchers began to apply this technol-
ogy to distinguish specific subtypes of certain cancers, as well as to determine
which treatment methods would most likely be effective for particular patients.
This also reflected the effect of medicines which was benefit for drug selection
[66, 67]. DNA microarrays are usually categorized as complementary DNA
(cDNA) arrays, using either short (25-30 mer) or long ODN (60-70 mer) probes.
The core principle behind microarrays lies in their ability to provide a powerful
high-throughput system that allows for large-scale analysis of gene expression,
genetic alterations, and signal transduction pathways, which can give impor-
tant information for disease diagnosis, prognostics, and therapeutics. A typical
DNA microarray usually consists of the following step: First robotically print-
ing oligonucleotides or cDNA clone inserts onto a glass slide, then one or more
fluorescent-labeled cDNA probes generated from samples are hybridized to the
surface, later a laser is employed to excite the dye labels and record the fluores-
cent intensities by a laser confocal fluorescent scanner. Finally, the ratio of flu-
orescent intensities provides the basis for further meta-analyses. The feasibility



46

3 Quantum Dot-Fluorescence-Based Biosensing




3.3 QDs for DNA Microarrays 47

Fig. 3.16 Scheme for polymer coating of QD-TOPO (a) and the conjugation reaction with
amine-terminated oligonucleotides using EDC-coupling reagent (b). Specificity of QD-DNA
probes hybridization in situ to detect mRNA (Rp49) in fixed Drosophila S2 cells. ¢ Control
(QD555 alone, no DNA attached). d QD555-DNA conjugate. e Control experiment with
QD555-noncomplementary DNA conjugate. f RNase A treatment 10 mg mL prior to cell fixa-
tion significantly decreased the FISH signal. g Representative single-cell FISH image separately
displaying a DAPI-stained cell nucleus and the QD-DNA conjugates (for Rp49) exclusively
located in the cytoplasm, and the merged image of the DAPI signal and QD555 signal.
Reproducibility was obtained from three separate experiments. The scale bar indicates 20 mm
(c—f) and 5 mm (g). Reproduced with permission from Ref. [62]. Copyright 2009, Wiley

of QDs in such DNA microarray is ascribed to the narrow multicolor emissions
under a single-source excitation. Meissner et al. developed a QD-embedded
microsphere-based fluid DNA microarray. CdSe/ZnS QDs embedded in polysty-
rene microspheres were labeled with DNA oligonucleotides for target capture,
and the result was recorded by a high-speed readout flow cytometer [68]. QD-
based cDNA microarray was also developed for single-nucleotide polymorphism
(SNP) mutation detection in the human p53 tumor suppressor gene and multial-
lele detections. The authors established a model that used a SNP located at amino
acid residue 248, on exon 7 of p53, which is one of the most common mutation
hot spots in p53 [69]. As shown in Fig. 3.17, multicolor targeting of SNP muta-
tions in human oncogene p53 and of human hepatitis B and C viruses with differ-
ent DNA-QDs were realized, which displayed the great potential of DNA-QD
conjugates as efficient probes in cDNA microarrays for a ultrafast detection of a
great number of viral or bacterial pathogens simultaneously. However, this model
system was not extended to real samples such as blood [70].

1.
y 2
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Fig. 3.17 Multicolor targeting of SNP mutations in human oncogene p53 (rows /—6) and of
human hepatitis B and C viruses (rows 7—10) with different DNA-QD probes. In panel a, yellow
Dp53 g-QDs are targeted only toward mutations in human oncogene p53, but SNP detection is
not achieved. In panel b, red B3-QDs are targeted toward the hepatitis B virus sequence. In panel
¢, yellow C5-QDs are targeted only toward the hepatitis C virus sequence. Panel d is an overlay
of panels a—c. In both red and yellow channels, signal-to-noise ratio is >100, and no cross talk
is observed. Reproduced with permission from Ref. [70]. Copyright 2003, American Chemical
Society
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Chapter 4
Quantum Dot-Electrochemiluminescence-
Based Biosensing

Abstract As newly developed inorganic materials, quantum dots (QDs) have
received considerable attention because of their unique nanorelated properties
including high quantum yield, simultaneous excitation with multiple fluorescence
colors, and electrochemical properties. This chapter presents a general descrip-
tion of the electrochemiluminescence (ECL) related to QDs and their analytical
application. QDs including Si nanopaticles, semiconductor nanocrystals (NCs) and
recent emerged novel QDs such as graphene QDs were discussed about their ECL
behaviors and mechanisms. By utilization of this excellent property, new develop-
ments and improvements of its application in DNA-based analysis are discussed.
Different types of QDs with different strategies for the DNA-biosensing construc-
tions were expatiated and compared in detail.

Keywords Quantum dots * Electrochemiluminescence ¢ Aptamer ¢ Biosensor

In 2002, Bard et al. found that quantum dots (QDs) could generate light emission
during potential cycling or pulsing, which was called electrogenerated chemilu-
minescence (also known as electrochemiluminescence and abbreviated ECL)
[1, 2]. ECL involves the generation of species at electrode surfaces that undergo
electron-transfer reactions to form excited states, and light-producing procedure
when the excited molecule decays to the ground state. It is the combination of
chemiluminescence (CL) and electrochemistry. It not only holds the advantages of
sensitivity and wide dynamic range inherent to conventional CL, but exhibits the
advantages of the electrochemical method such as the simplicity, facility. Since the
first detailed ECL investigations described by Hercules and Bard et al. in the mid-
1960s [3-5], ECL has now become a powerful analytical technique and has been
widely used in the areas of immunoassay [6—10], food and water testing [11, 12],
biowarfare agent detection, [13, 14] DNA and aptamer biosensor [15-18]. In this
chapter, the basic QDs ECL mechanisms and its application in DNA-based detec-
tion are discussed in detail.
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4.1 ECL Mechanism of QDs

ECL involves the emission of light by species that can undergo highly energetic
electron-transfer reactions which are controlled by changing an electrode poten-
tial, as was schematically shown in Fig. 4.1.

In general, there are three main types of ECL: annihilation ECL, coreac-
tant ECL, and cathodic luminescence. Annihilation ECL is the first fully stud-
ied ECL which involved electron-transfer reactions between an oxidized and a
reduced species. After the emitter is electrochemically oxidized and reduced, the
newly formed radical cation and anion are annihilated to form the excited-state
species that emits light [3, 5]. Cathodic luminescence results from the injection
of hot electrons into the aqueous electrolyte solution with the possible formation
of hydrated electrons. For example, emission from Dy(III), Sm(IIl), and Tb(III)
has been observed at oxide-covered aluminum electrodes during the reduction in
hydrogen peroxide, persulfate, or oxylate in aqueous solution [19-21].

Till now, the coreactant ECL has widely been studied and used in ECL tech-
nique, and most of the commercially available ECL analytical instruments are
based on coreactant ECL. Unlike the annihilation ECL, coreactant ECL is usually
generated with the reaction between the luminophore species and an additionally
added assistant reagent (which is called coreactant) in a single potential step or a
directional potential scanning. Depending on the polarity of the applied potential,
the corresponding ECL reactions could be classified as “oxidative reduction” ECL
and “reductive oxidation” ECL, respectively. Compared to the annihilation ECL,
the use of coreactant can enhance the ECL efficiency. The oxalate ion (C04>7)
is the first-discovered coreactant [23] and the ECL mechanism is described as fol-
lows by Rubinstein and Bard [24]:

2 - 3+
Ru(bpy);”" —e — Ru(bpy); (4.1)
Fig. 4.1 Schematic Cathode ECL Anode
diagrams of electrogenerated - A D x4
chemiluminescence. -
Reprinted with permission ef 7722\ 20 [l ¢
from Ref. [22]. Copyright \ o ; g ]
2007 Elsevier A, i
— .
A — D*
4 H >

/A (A and D could be the same species)
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Ru(bpy);” " + C,0,% — Ru(bpy);*" +C,0, ™ 4.2)
C,0,” — CO, ™ + CO, (4.3)
Ru(bpy);>" + CO, ™~ — Ru(bpy);>"* + CO, (4.4)

R 24 — +
u(bpy)s”~ +CO,  — Ru(bpy); + CO, 4.5)
Ru(bpy);** + Ru(bpy); " — Ru(bpy);* ™ + Ru(bpy)s”" (4.6)
Ru(bpy);> ™ — Ru(bpy);>" + hv 4.7)

Other common coreactants include peroxydisulfate (persulfate, S;0g%~), tri-
n-propylamine (TPrA) and other amine-related derivatives, hydrogen perox-
ide (H207). The main organic luminants contain luminal, tris(2,2’-bipyridine)
ruthenium(II) Ru(bpy)§+> and their derivatives.

4.1.1 ECL of Semiconductor QDs

The first QDs ECL behavior was studied by Bard et al. In 2002, they first reported
the silicon QDs ECL property [1]. The Si QDs have the ability to store charge
in N,N’-dimethylformamide and acetonitrile, which can subsequently lead to light
emission upon electron and/or hole transfer. This quality provides electrochemi-
cally sensitive optoelectronic properties. In 2006, they observed the ECL emis-
sion from silica NPs in aqueous solution [25]. By using S,042~ as the coreactant,
octadecyl-protected silica NPs deposited on indium tin oxide (ITO) showed ECL
in both anodic and cathodic sweep potentials. In the negative potential scans, the
Si NP film could produce a large ECL signal when the potential beyond —0.95 V.
The principle was described as follows:

S,0¢° + e — SO, + SO, (4.8)
SO,” — S0, + ht (4.9)
Si+e — Si~ (4.10)

Si” +h" — Si+ light (4.11)

The elemental and compound semiconductors, such as Ge [2], CdTe [26], PbS
[27], CdSe [28, 29], and ZnS [30], can also generate efficient ECL. The ECL mecha-
nism of semiconductor QDs mainly depends on the annihilation or coreactant ECL
reaction. For example, PbS QDs can form oxidized (R™") and reduced (R"™) QDs dur-
ing potential cycling. Two oppositely charged QDs can collide to yield an excited QD
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in the annihilation process, and the same as CdSe and Ge QDs. Intense ECL signal
of CdTe QDs was observed by electron-transfer reaction between reduced NPs and
reductively oxidized species of CH,Cl, at negative potential region.

It is believed that the ECL emission is not sensitive to NP size and capping
agent used but depends more sensitively on surface chemistry and the presence
of surface states [31]. Effective methods are being developed in order to chemi-
cally functionalize the surfaces of QDs with suitable ligands or receptors. Ju et al.
reported the anodic ECL of MPA-modified water-soluble CdTe QDs in aqueous
system. Stable and intensive anodic ECL emission with a peak value at +1.17 V
(vs. Ag/AgCl) in pH 9.3 PBS at an ITO electrode was observed. The ECL emis-
sion involved the collision between the superoxide ion produced at the ITO sur-
face and the oxidation products of QDs. The whole process of anodic ECL
emission was described in the following equations [32]:

In/SnO, + CdTe/CdSR — CdTe <h+) JCASR + In/SnO, (e*) 4.12)
0, + In/SnO, (e‘) — 05 +In/SnO, (4.13)
CdTe/CdSR + 05 — CdTe (e_) JCASR + O, (4.14)

CdTe (h+> JCdSR + CdTe (e‘) JCdSR — CdTe/CdSR*  (4.15)

CdTe/CdSR* — CdTe/CdSR + hv (4.16)

Ju et al. prepared the TGA-protected CdSe QDs for the cathodic ECL research
[33]. Chen et al. prepared the CdS-polyamidoamine (CdS-PAMAM) nanocompos-
ite membranes [34] and CdS QDs/CNTs composites [35]. Via in situ electrochemi-
cal reduction approach, CdS-PAMAM nanocomposite membranes were prepared
on electrode surfaces, and this resulting film showed 55-fold enhanced red ECL
compared to that of CdS nanofilm without PAMAM. After combination with
CNTs, the CdS QDs/CNTs composites not only enhance their electrochemilumi-
nescent intensity but also decrease their ECL starting potential.

In our group, a series of nanomaterials were synthesized and the correspond-
ing ECL property was investigated. In 2005, we first reported the ECL property of
CdS self-assemble nanoparticles. Four ECL peaks were observed in both nonaque-
ous system and aqueous system [36]. According to the electrochemical behavior
of the as-prepared CdS assemblies and the two-equivalent adsorbed surface-state
theory, we proposed the mechanism for ECL as annihilation mechanism. Next,
we studied the ECL behavior of CdS nanotubes in aqueous solution [37, 38]. By
entrapping the CdS nanotubes in carbon paste electrode, two ECL peaks at —0.9 V
(vs. Ag/AgCl sat. KCL, sic passim, ECL-1), and —1.2 V (ECL-2) were observed
when the potential was cycled between 0 and —1.6 V. The ECL-1 was generated
via an annihilation process between reduced and oxidized species. The ECL-2 was
attributed to the electron-transfer reaction between electrochemically reduced CdS
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nanocrystal species (CdS'~) and coreactants (S;0g%>~ or HOy). The corresponding
ECL processes were as follows [38]:
S,042~ as coreactant:

CdS QDs +ne” — nCdS™ 4.17)
S,04°" +e~ — S0,° +50, (4.18)
CdS™ 450, — CdS* +S0,*" (4.19)
CdS* — CdS + hv (4.20)
H,0; as coreactant:
0, +H,O0+2e — OOH + OH™ 4.21)
2CdS™ 4+ OOH™ + H,0 — 30H 4+ 2CdSs* (4.22)
2CdS™ 4+ H,0, — 20H + 2CdS™ (4.23)
CdS™ — CdS + hv (4.24)

Next, we studied the enhancement ECL effect of 3-aminopropyl-triethoxysilane
(APS) on the CdSe QDs in aqueous solution by conjugating APS to the CdSe
QDs/carbon nanobute-chitosan (CNT-CHIT) composite film [10]. In the presence
of reactive amine groups, APS can facilitate the radical generation and electron-
transfer processes during the ECL reaction. After the addition of K»S,0Og as core-
actant, APS can catalyze the reaction of CdSe QDs with K»S,0g based on the
following mechanism:

CdSe QDs +ne” — nCdSe™ (4.25)
S,04>” +RC3H;-NH, — SO,°” + S0, ™ + RC;H,~NH;~  (4.26)
CdSe™ +S0,~ — CdSe* + 50,2~ 4.27)

CdSe® — CdSe + hv (4.28)

However, most of the traditional QDs are made of heavy metal ions (e.g., Cd2+),
which may result in potential toxicity that hampers their practical applications.
Therefore, systematic cytotoxicity research of QDs is of critical importance for their
practical biological and biomedical applications, and a large amount of studies have
been carried out for this purpose [39—41]. During the synthesis process, the syn-
thetic methods and surface modifications of QDs will greatly affect their biotoxicity.
QDs prepared via the organometallic route and aqueous route were quite different
with the surface properties. In contrast to the presence of hydrophobic ligand mol-
ecules on the surface of organic QDs, the surface of aqueous QDs are covered with
a large amount of hydrophilic molecules [41]. This difference of surface properties
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could induce distinct cytotoxicity and in vivo behaviors. The surface modifica-
tions of QDs could also greatly affect its interaction between the cellular mem-
brane and subsequent uptake into the cells. Taken CdSe as an example, a common
surface modification to reduce the cytotoxicity of the core material is coated with
a ZnS shell. In one hand, the additional shell semiconductor layer could increase
the QDs’ photoluminescence. In the other hand, the ZnS shell protects the core
CdSe from oxidation and other environmental factors that contribute to cadmium
release. Besides, ligands with terminal carboxylic acid, hydroxyl, or amine groups
have been used as the charged surface coatings for the QDs protection, which could
effectively prevent the core oxidation, cell death, and inflammatory responses.

Another important problem, concerning the body clearance of these nanoparti-
cles, is attracted more and more attention. When employing living mouse for the
in vivo imaging study by QDs injection, Ballou et al. [42] found that methoxy-
terminated poly(ethylene glycol) amine QDs (mPEG-QDs) remained for at least
one month in liver, lymph nodes, and bone marrow. Therefore, the use of QDs in
vivo must be critically examined.

Considering these biotoxicities, various new kinds of QDs are emerged in
recent years such as silicon QD [43], carbon dot [44], graphene QD [45]. Owing
to their special cadmium free property, excellent biocompatibility, and environ-
mentally friendliness, these novel nanomaterials gained significant consideration
after being successfully prepared.

4.1.2 ECL of GQDs

As new type of QD, graphene QDs has been widely studied nowadays. In 2008,
Bard’s group [46] first reported the ECL from electrochemically oxidized highly ori-
ented pyrolytic graphite (HOPG) and from a suspension of graphene oxide platelets,
whose results were presented in Fig. 4.2. They supposed that the smaller aromatic
hydrocarbon-like domains formed on the “graphitic” layers by interruption of the
conjugation could form the oxidized and emitting centers. In the case of individual
graphene oxide NPs, ECL signal could also be detected by using tri-n-propylamine
(TPrA) as a coreactant at relatively high concentration. At positive potential
of ~1.15V, oxidation of graphene oxide NPs takes place either directly on the work-
ing electrode during collision or via TPrA radical cations. The highly reductive radi-
cal intermediate could be generated by the deprotonation reaction of TPrA, and the
excited state of graphene oxide for the generation of ECL could be formed between
the radiative recombination of this radical and the graphene oxide NP.

Afterward, luminescent property of graphene was studied widely. In 2011, Li
and co-workers [47] observed the cathodic ECL response of luminol at a positive
potential with a strong light emission on a graphene-modified glassy carbon elec-
trode. With the utilization of the excellent electrocatalytic properties, graphene
could facilitate the reduction in O, in a solution dissolved with trace oxygen,
which was critical on the cathodic ECL behavior of luminol on the GR-CHIT/GC
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Fig. 4.2 CV (a) and ECL intensity versus potential (b): (black) 0.1 M NaClO4 and PBS only;
(red) with addition of 13 mM TPrA; (blue) expanded scale of ECL intensity of curve 1. Potential
scan rate = 20 mV/s at an HOPG electrode (area = 0.07 cm?). ¢ Photoluminescence in air of an
HOPG electrode after ECL experiments. Excitation wavelength is 430 nm (black) and 440 nm
(red). d ECL spectrum of HOPG in 0.1 M NaClO4, PBS (pH 7.0) containing 13 mM TPrA.
Reprinted with permission from Ref. [46]. Copyright 2009 American Chemical Society

electrodes. Similar phenomenon was observed by Yuan’s group [48] using hemin—
graphene nanosheets (H-GNs) as the ECL amplification. Owing to the superior
electrical conductivity of H-GNs, they were able to promote electron transfer, so
as to amplify the luminol ECL signals of the prepared biosensor.

In the author’s group, a series of graphene QD (GQD) and its nanocompos-
ites were synthesized and studied. Via the electrostatic interactions between
negatively charged thioglycolic acid (TGA)-modified CdSe QDs and positively poly
(diallyldimethylammonium chloride) (PDDA)-protected graphene, the P-GR-CdSe
composites were successfully prepared and used to construct an ECL immu-
nosensor [49]. With the help of the excellent conductivity, extraordinary electron-
transport properties and large specific surface area, the interfusion of PDDA-protected
graphene (P-GR) with CdSe QDs film not only improved the ECL intensity, response
speed, and stability, but also held high levels of protein loading, which resulted in
extreme sensitivity.

Later, we prepared the greenish-yellow luminescent graphene quantum
dots (gGQDs) with a quantum yield (QY) up to 11.7 % through the assistance
of microwave irradiation [50]. As shown in Fig. 4.3, ECL is observed from the
gGQDs for the first time in 0.05 M, pH 7.4 Tris—HCI buffer solution (TBS)
with 0.1 M K;S,0g as coreactant. The possible ECL mechanism was proposed
as follows: firstly, strongly oxidizing SO;~ radicals and GQDs ™~ radicals were
produced by electrochemical reduction in S>Og?~ and GQDs, respectively.
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Fig. 4.3 a ECL—potential curves and cyclic voltammograms (CVs) of the gGQDs (/, 3) and
background (2, 4) with concentration of 20 ppm in 0.05 M Tris—HCI (pH 7.4) buffer solution
containing 0.1 M K»S,0s. Scan rate: 100 mV s~L. b PL (hex = 340 nm) and ECL spectra for
the gGQDs-K;S,0g system. ¢ ECL—potential curves of the background (1) and bGQDs (20 ppm)
(2, 3) in 0.05 M Tris—HCl (pH 7.4) buffer solution containing 0.1 M K»S>Og. Reprinted with per-
mission from Ref. [50]. Copyright 2012 Wiley

Then, SO;~ radicals could react with GQDs ~ via electron-transfer annihilation,
producing an excited state (GQDs*) that finally emitted light, which could be
described as the following equations:

GQDs +ne” — nGQDs (4.29)
S,0¢° +e~ — S,057°" (4.30)
S,0¢%" — S0,%” +50,” (4.31)
GQDs ™ +S0,~ — GQDs* + S0,*~ (4.32)
GQDs* — GQDs + hv (4.33)

4.2 QDs ECL for DNA Biosensing

The combination for the sensitive ECL detection with extremely selective biological
interaction between DNA/aptamer-probe assays has attracted more and more inter-
est over the past years. ECL allows the detection of analytes at low concentrations
over a wide linear range. What is more, ECL could combine with many other analyt-
ical methods such as high-performance liquid chromatography (HPLC), liquid chro-
matography (LC), capillary electrophoresis (CE), and flow injection analysis (FIA).

4.2.1 OQDs ECL for DNA Analysis

QD ECL technique was widely used in the field of DNA biosensing. Various QDs
of CdTe [51, 52], CdS [53, 54], and their composites [55-59] were employed as
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the ECL luminants. In 2009, with CdS:Mn NCs as the ECL luminophores and Au
NPs functioning as both ECL quencher and enhancer, Xu’s group [59] demon-
strated a simple ECL sensing platform for highly sensitive and specific detection
of DNA targets, which was illustrated in Fig. 4.4. Due to the Férster resonance
energy transfer (FRET) between the CdS:Mn NC film and AuNPs, the quenching
of QD ECL could be produced when the QDs and AuNPs were at close proximity.
And ECL enhancement was obtained after the interaction of the excited CdS:Mn
NCs with ECL-induced surface plasmon resonance in AuNPs at large separation.
Considering that graphene owns the excellent electrochemical property, they lately
synthesized the K-doped graphene—CdS:Eu NC composites as the ECL emit-
ter [58]. Via the electrostatic interactions between negatively charged 3-mercap-
topropionic acid (MPA)-modified CdS:Eu NCs and positively charged graphene,
the novel K-doped graphene—CdS:Eu NC composites were prepared. By utiliza-
tion of the facts that K-doped graphene could enhance the rate of electron transfer
and that Eu3™ ions could alter the surface of CdS NCs to create a new surface-
state-Eu3™* complex, the NC-ECL performance exhibited a large enhancement in
the ECL intensity. The layer-by-layer assembly K-GR—NC composites film on the
glassy carbon electrode (GCE) not only improved the ECL intensity, but also pro-
vided a large specific surface for high levels of DNA loading, which resulted in
extreme sensitivity with a detection limit of 50 aM.

For the purpose of improving the sensitivity, Jin et al. [51] employed the nano-
porous gold leaf (NPGL) electrode as the working electrode for DNA detection
using CdTe QDs as the labels. Due to these ultrathin nanopores, sensitivity of
the ECL biosensor is remarkably increased. In this assay, target DNA (t-DNA)
was hybridized with capture DNA (c-DNA) bound on the NPGL electrode, and
amino-modified probe DNA was hybridized with the t-DNA to yield the sandwich
hybrids on the NPGL electrode. At last, MPA-capped CdTe QDs are labeled to the
amino group end of the sandwich hybrids as the signal producer in the presence of
$,08%~ as coreactant. The maximum ECL intensity on the curve is proportional to

Fig. 4.4 DNA ECL sensing
platform based on energy
transfer between CdS:Mn h

NCs and AuNPs. Reprinted
with permission from Ref.
[59]. Copyright 2009 Royal

D
(0
e
g
Society of Chemistry ?
NHz &
— —b

GC a EDCINHS GC ¢

T /
CdS:Mn a
v~ SH-(CH2)s-OH -/l\

COOH
COOH
COOH

ECL




62 4 Quantum Dot-Electrochemiluminescence-Based Biosensing

Table 4.1 QDs ECL employed in the field of DNA biosensing

QD Coreactant Linear range (mol L References

CdTe S»0g2~ 5x 107111 x 10715 Hu et al. [51]
CdTe (07 1 x 107105 x 10715 Deng et al. [52]
Cds S,082~ 1 x 107105 x 1018 Zhou et al. [53]
Cds S,0%~ 1 x 107105 x 10-18 Divsara and Ju [54]
CdSe@ZnS S,08%~ 5% 1070-5 x 107° Huang et al. [55]
CdTe@ZnO S,02~ 10~14-10—1° Liu et al. [56]
CdTe@SiO, S,08%~ 2 x 10761 x 10710 Wei et al. [57]
CdS:Eu H,0, 1 x1071-5 x 10717 Zhou et al. [58]
CdS:Mn S,082~ 5x 107175 x 10715 Shan et al. [59]

t-DNA concentration with a linear range of 5 x 107°-1 x 10~ mol L~!. Given
that the Cd-component QDs cytotoxicity could be caused by the release of heavy
metal ions and the instability in harsh environments, Liu et al. [57] synthesized the
CdTe@SiO2 composite through a reverse microemulsion method. The prepared
products not only retained high fluorescence intensity but also avoided cytotoxicity
due to the protection by the SiO; shell. DNA detection was realized by outputting
a remarkable ECL signal of the CdTe @SiO» labeled to the probe DNA with a low
detection limit of 0.03 nM and a wide dynamic range from 0.1 nM to 2 mM.

In the author’s group, we [55] developed a simple and convenient assay with
QDs as the labels for DNA detection. Different from the common sandwich-type
strategy, in this system, the target DNA oligonucleotides are directly hybridized
with the probe DNA oligonucleotides for DNA detection, which reduces the
hybridization process, thus it is relatively simple and time-saving. After the QDs
bind to the target DNA via the biotin—avidin system, the DNA hybridization event
can be detected by ECL signal.

Table 4.1 shows the QDs ECL in DNA biosensing.

4.2.2 QDs ECL for Aptasensor Analysis

Aptamers are a new class of single-stranded DNA/RNA molecules, which are
selected from synthetic nucleic acid libraries via the selection procedure called sys-
tematic evolution of ligands by exponential enrichment (SELEX). Since first discov-
ered in 1990s [60, 61], many aptamers have been selected for corresponding targets
combination ranging from metal ions, organic molecules, biomolecules, to entire
organism and even whole cells. Aptamers offer remarkable convenience in design and
modification of their structures, which has motivated them to generate a great variety
of aptamer sensors (aptasensors) that exhibit high sensitivity as well as specificity.

Based on the QDs ECL, a series of aptamer biosensors have been constructed
and applied for the detection of various targets ranging from small biomolecule to
entire cell, which were listed in Table 4.2.
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Table 4.2 QDs ECL employed in the field of Aptamer biosensing

QD Target Linear range References
CdSe/ZnS ATP 0.018-90.72 mM Huang et al. [62]
CdSe-CdS ATP 1.0 x 1078-8.0 x 107" M Jie et al. [63]
TiO-N Adenosine 10 nM-1.0 mM Tian et al. [64]
CdSe—ZnS Cancer cell 4 x 102-104 cells mL~! Jie et al. [65]
CdS-ZnS Cancer cell 60-1,000 cells Jie et al. [66]
CdSe/ZnS Lysozyme / Huang et al. [67]
CdSe/ZnS Thrombin 27.2-545 nM Chen et al. [68]
CdSe/ZnS Thrombin 0.01-50 nM Xie et al. [69]
CdSe Thrombin 0-64 pg mL~! Li et al. [70]
CdTe/Si02 Thrombin 5.0 aM-5.0 ftM Shan et al. [71]
CdTe Thrombin 0.5-800 pM Huang and Zhu [72]
CdS Thrombin 1.0 x 10715-1.0 x 1073 M Guo et al. [73]
CdTe Pb>* 2.0 x 1071-1.0 x 1078 M Hai et al. [74]

In our group, using the QDs as the signal tranducers, a series of aptasensors
were developed for the detection of lysozyme [67], thrombin [72], and adenosine
5'-triphosphate (ATP) [62]. Through the aptamer-target-specific affinity and the
rules of Watson—Crick base pairing, aptasensors for lysozyme and ATP detection
were fabricated, respectively.

Take ATP detection as an example [62], after the thiol modified anti-ATP
probes were immobilized onto the pretreated Au electrode, ATP solution was
dropped for the formation of aptamer—ATP bioaffinity complexes. The biotin-
modified complementary DNA (biotin-cDNA, in terms of the probe) oligonucleo-
tides were hybridized with the remnant-free probes. At last, the avidin-modified
QDs were bound to the aptasensor through the biotin—avidin system in the exist-
ence of biotin-cDNA. The ECL intensity, as the readout signal for the aptasen-
sor, was responsive to the amount of QDs bonded to the cDNA oligonucleotides,
which was inversely proportional to the combined target analyte indirectly. Later,
Jie et al. [63] employed superstructural dendrimeric CdSe—CdS—QDs as the emit-
ter and successfully applied to amplified ECL assays of ATP using DNA cycle
amplification technique. The whole fabrication process was given in Fig. 4.5.
Compared with the pure QDs, the superstructure exhibits highly enhanced ECL
signal and could be easily labeled, separated, and immobilized onto a magnetic
electrode.

In the case that thrombin owned two different aptamers, we ingeniously grafted
the concept of sandwich immunoreaction into the aptamer field and constructed a
sandwich aptasensor by using QDs ECL technique for thrombin detection [72]. The
thiol-terminated aptamer with 15 nucleotides (probe I) was first immobilized on Au
electrode, and then, thrombin and another 5’-biotin-modified aptamer (29 nucleo-
tides, probe II) were incubated to the above electrode, respectively, in order to form
the sandwich structure of probe I/thrombin/probe II. Streptavidin-modified QDs
(avidin—QDs) were bound to probe II via the biotin—avidin system. Thrombin was
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MNPs/Dendrimer NCs (MNPs/DNCs)

Fig. 4.5 Schematic diagram for the biosensor fabrication for ATP detection. Reprinted with per-
mission from Ref. [63]. Copyright 2011 Elsevier B.V

detected by measurement of the ECL intensity of the bound QDs. It provided an
alternative convenient, low-cost, and specific method for protein detection. What is
more, the application of QDs ECL in aptasensors may intrigue new interest in the
investigation of the QDs ECL and promote the exploitation in the bioapplications.
Based on this strategy, Yuan’s group [68] prepared new ECL signal amplification
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labels through layer-by-layer (LBL) assembly of CdTe QDs onto the surfaces of
the polystyrene (PS) microbeads. Instead of the conventional single CdTe QD one,
numerous CdTe QDs were involved in each molecular recognition event, which
were illuminated in Fig. 4.6. The analytical signal output was thus expected to be
dramatically amplified. With this new PS-(CdTe), labels, about 2—4 orders of mag-
nitude improvement in detection limit for thrombin is obtained compared with that
of other universal signal amplification routes. The detection limit could be pushed
down further by increasing the number of CdTe QD layer coated on the PS beads.

Besides the traditional QDs, Xu’s group [64] reported the highly enhanced ECL
from a nitrogen doped TiO; nanotube array. They found that the nitrogen incor-
porated in TiO, NTs could greatly enhance the ECL intensity and make the ECL
spectrum red shift. Using K»S,0g as the coreactant, the TiO,—N NTs electrode can
enhance the ECL intensity by 10.6-fold and move the onset ECL potential more
positively by about 400 mV as compared to the pure TiO, NTs electrode. And the
possible mechanism was forwarded as following:

S,0¢" +e — SO, +S0, (4.34)
SO, ” — SO, +h" (4.35)

TiO, -N+h" — N-TiO,(h") (4.36)
N-TiO,(h")+e~ — (N-TiO,)* (4.37)
(N-TiO,)* — N-TiO,+hA (4.38)

—
Thrombin

© 20 40 60 8
Time I's

Fig. 4.6 Schematic presentation of the PS-(CdTe), assembly-labeled ECL detection of throm-
bin. Reprinted with permission from Ref. [68]. Copyright 2011 Elsevier
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When applied this nanomaterial to develop an ultrasensitive ECL aptasensor
for the detection of adenosine in cancer cells, the ECL signal linearly increases
with the increase in the logarithm of the ATP concentration over the range
10 nM-1.0 mM with a limit detection of around 10 nM.

Not only could the small biomolecules, even the entire cells be detected via
the aptamer-based ECL array. In 2011, Jie and coworkers [65] prepared a novel
dendrimer/CdSe/ZnS quantum dot nanocluster (NC) and used as an ECL probe
for versatile assays of cancer cells. As given in Fig. 4.7, a large number of CdSe-
ZnS-QDs could be labeled on the NCs due to the many functional amine groups
within the NCs, which could significantly amplify the QD’s ECL signal. The ECL
biosensor for cancer cells was directly accomplished by using the biobarcode tech-
nique to avoid cross-reaction. Moreover, the utilization of magnetic beads (MBs)
for aptamers immobilization greatly simplified the separation procedures and
favored for the sensitivity improvement. The high specificity of aptamers to tar-
get cells and the biobarcode technique to avoid cross-reaction endow the biosensor
with high selectivity and sensitivity. The changes of ECL peak intensity increased
linearly with the cell concentrations in the range of 400—10,000 cells mL~!, and
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Fig. 4.7 Fabrication steps of the dendrimer NCs/QDs-DNA probe and ECL biosensor for sig-
nal-off detection of cells. Reprinted with permission from Ref. [65]. Copyright 2011 American
Chemical Society
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the detection limit was calculated to be 210 cells mL~! at 3¢. Afterward, they [66]
employed another type of dendritic CdSe/ZnS-QDs nanocomposite to construct
the ECL aptasensor for the cancer cells detection based on ECL quenching of QDs
by gold nanoparticles (NPs). DNA conjugation and gold NPs linking and sensing
target cells can be directly performed on the magnetic nanocomposites for cell
detection based on ECL quenching.
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Chapter 5
Quantum Dot-Electrochemical
and Photoelectrochemical Biosensing

Abstract Besides excellent optical and electrochemiluminescence properties of
quantum dots, their electrochemical and photoelectrochemical behaviors have also
been discovered and well employed in DNA biosensing. This chapter presents a
general description of the electrochemical and photoelectrochemical properties of
QDs with their applications in DNA biosensing.

Keywords Electrochemical labels ¢ Photoelectrochemical analysis * Quantum
dots ¢ DNA biosensing * Aptamer analysis

5.1 QDs as Electrochemical Labels

5.1.1 The Electrochemical Behavior of QDs

The electrochemical behavior of QDs revealed the quantized electronic behav-
ior as well as decomposition reactions upon reduction and oxidation. As back
in 2001, Bard et al. [1] had fully investigated the direct correlation between
the electrochemical bandgap and the electronic spectra of CdS QDs in N,N’-
dimethylformamide (DMF). Their research revealed that CdS QDs could act as
multielectron donors or acceptors at a given potential due to trapping of holes and
electrons within the particle. On the other hand, the surface structure of QDs also
plays a key role in determining the properties of the particles. Unpassivated sur-
face atoms can form electronic traps for electrons and holes. Later, Bard’s group
studied the differential pulse voltammetric (DPV) behavior of trioctylphosphine-
oxide (TOPO)-capped CdTe QDs in dichloromethane and a mixture of benzene
and acetonitrile [2], as shown in Fig. 5.1.

The DPV of TOPO-capped CdTe NPs owned the bandgap of about 2.1 eV and
two discrete anodic peaks which were resulted from diffusion of NPs in solution.

J.-J. Zhu et al., Quantum Dots for DNA Biosensing, SpringerBriefs in Molecular Science, 71
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Fig. 5.1 DPV of two (a) Or
different batches of CdTe
NPs at a 0.06-cm? Pt S
working electrode with scan
toward positive or negative
potentials. a 9.6 pM CdTe
NPs in 5:1 (v/v) benzene/
acetonitrile containing 0.1 M
TBAP. b 32 uM CdTe NPs
in CHCl; containing 0.1 M
TBAPF6. Reproduced with
permission from Ref. [2]. 2
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One large anodic peak at 0.7 V was proposed as a multielectron reaction, and the
other anodic peak appeared because of oxidation of reduced species. Gao et al. [3]
and Greene et al. [4] reported the voltammetric current peaks of QDs in aqueous
solution and concluded that the electrochemical bandgap was located at potentials
inside the valence-band edge, which was explained by hole injection into the sur-
face traps of the particles.

To deeply understand the QDs electrochemical property, a full investigation
into the effects of different parameters on the QDs electrochemical response was
needed, which included the QDs size, the capping stabilizer, the value of pH, and
the coexisted chemicals. Given the fact that the cyclic voltammetry (CV) is very
sensitive to the nanocrystalline surface state and could provide complimentary
information for a better understanding of the special size-dependent properties of
semiconductor QDs, the size effect on the reduction and oxidation potentials was
studied via CV in an aqueous buffer solution with the thiol-capped CdTe QDs as
the object [5]. CV studies of CdTe in aqueous solution demonstrated that the size
effect on the reduction and oxidation potentials could be attributed to the energetic
band positions, owing to the quantum size effect. In contrast to a prediction based
on the quantum size effect, the oxidation peak moves to more negative potential as
the nanocrystalline size decreases.
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Using the mercaptopropionic acid (MPA)-capped CdTe QDs as the object, the
effects of capping stabilizer, the value of pH, and coexisted chemicals on electro-
chemical responses of QDs were investigated in detail via DPV [6]. Three DPV
peaks (Al at 0.36, A2 at 0.68, and A3 at 0.84 V) could be observed in the MPA-
capped CdTe QDs solution, which indicated that three electrochemical processes
existed in the single scan. And the conclusion could be presented as the following:

o Different stabilizers showed little effects on the existence of Al.

e The value of pH showed important effect on DPV response of the MPA-capped
CdTe QDs. Al only existed in a pH range from 5.2 to 8.0 with the maximum
response at pH 6.0. A2 and A3 merged with each other simultaneously in pH
6.6 and became one peak completely with pH value higher than 7.0.

e Coexisted chemicals showed different effects on DPV response of MPA-capped
CdTe QDs. Electroinactive chemicals, like chlorobenzene, showed little effect
on DPV response. ECL coreactant, such as oxalic acid, hydrogen peroxide, and
persulfate, also showed little effect on Al process. Magnesium nitrate could
dramatically suppress all the processes Al, A2, and A3, while potassium nitrate
had little effect on Al.

Recently, Amelia et al. [7] systemically summarized the electrochemical prop-
erties of CdSe and CdTe QDs. By utilization of the most common electrochemi-
cal methods such as voltammetric methods and spectroelectrochemistry, they fully
investigated the electrochemical studies of core and core—shell semiconductor
nanocrystals of spherical shape. The results of representative studies were carried
out taking CdSe and CdTe as examples. Different techniques by different groups
were compared in order to attempt an interpretation of sometimes contradictory
results.

As new type of QD, graphene QDs have been widely studied nowadays. As
back in 2004, Compton and coworkers [8] have fully investigated the electrochem-
ical characteristics of highly ordered pyrolytic graphite (HOPG) and found that the
edge plane sites/defects of the HOPG were the predominant electrochemical active
sites. Later, Daniel’s group and Robert’s group studied the electrochemical behav-
ior of monolayer graphene sheets, respectively, whose results were both published
in ACS Nano sequentially. Daniel’s [9] group first performed electrochemical
studies of individual monolayer graphene sheets derived from both mechanically
exfoliated graphene and CVD graphene. They concluded that the electron transfer
rates of graphene electrodes are more than tenfold faster than the basal plane of
bulk graphite, which could be contributed to the presence of corrugations in the
graphene sheets. By investigating the electrochemical properties of CVD-grown
graphene electrodes in FcMeOH electrolyte at different scan rates, they found that
the effective surface area of the graphene electrode was less than the geometric
area of this electrode, indicating that the redox reactions occurred predominantly
on a clean graphene surface. Kinetic parameter of AE, (after proper resistance
correction) ranged from 68.6 to 72.6 mV and increased at higher scan rate, indica-
tive of quasi-reversible kinetics in the system, which was directly proportional to
the reciprocal of the square root of scan rate, v=/2 (Fig. 5.2).
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Fig. 5.2 Electrochemistry at a CVD graphene electrode. a Cyclic voltammograms of FcMeOH
(1 mM) in Hy0/0.1 M KCI measured at a CVD graphene electrode at different potential scan
rates. Inset plot of the anodic peak current (ip) versus the square root of the potential scan rate
(v!"2). b Peak separation AEp and Nicholson’s kinetic parameter {s versus the reciprocal of the
square root of the potential scan rate (v''/2). A linear fit is used to determine the standard hetero-
geneous charge transfer rate constant (k0). Reproduced with permission from Ref. [9]. Copyright
2011, American Chemical Society

Afterward, Robert’s group [10] researched the electrochemical properties of the
exfoliated single and multilayer graphene flakes to measure the rate constant for
electron transfer. Mechanical exfoliated graphene flakes were deposited on silicon/
silicon oxide wafers to make the masked graphene/graphite samples as the work-
ing electrode. They found that both multilayer and monolayer graphene microe-
lectrodes showed quasi-reversible behavior during voltammetric measurements in
potassium ferricyanide.

In recent years, graphene as a new class of two-dimensional nanomaterial has
attracted considerable attention. The excellent electronic transfer rate, single-
layered structure, and good biocompatibility endow graphene with great potential
applications in the field of electrocatalytic biodevices [11-13]. Wang’s group [14]
reported on the utilization of graphene—CdS nanocomposite as a novel immobi-
lization matrix for the GOD immobilization. The nanocomposite could provide a
unique microenvironment for the direct electrochemistry of GOD, and the immo-
bilized GOD on the modified electrode possessed its native structure and electro-
catalytic activities. In comparison with the graphene sheets and CdS nanocrystals,
the graphene—CdS nanocomposites exhibited excellent electron transfer properties
for GOD with a rate constant (k) of 5.9 s~! due to the synergy effect of graphene
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sheets and CdS nanocrystals. Based on the electrocatalytic response of the reduced
form of GOD to dissolved oxygen, the obtained glucose biosensor displays satis-
factory analytical performance over an acceptable linear range from 2.0 to 16 mM
with a detection limit of 0.7 mM.

In our group, a series of graphene QD (GQD) and its nanocomposites were
synthesized and used in electrochemical applications. Different from the route
of traditional nanolithography and the chemical breakdown of graphene oxide
(GO), we produced GQDs with different size distribution in scalable amounts with
acidic exfoliation and etching of carbon fibers [15]. The stacked graphitic submi-
crometer domains of the fibers could be easily broken down during the acid treat-
ment and chemical exfoliation of traditional pitch-based carbon fibers. The size
of the as-prepared GQDs varies with the reaction temperature, and the emission
color and the bandgap of GQDs can be controlled accordingly. By utilization of
its good biocompatibility, high water solubility, and low toxicity, GQD and its
composite were employed to fabricate kinds of biosensors. In 2012, graphene—
CdS (GR-CdS) nanocomposites were prepared in a one-step synthesis in aqueous
solution. GO was simultaneously reduced to GR during the deposition of CdS.
The heteronanostructure of the as-prepared GR—CdS nanocomposite films could
facilitate the spatial separation of the charge carriers, which endows nanomaterial
with the excellent electrontransport properties. When used for the fabrication of
an advanced photoelectrochemical cytosensor, the GR—CdS nanocomposite-based
biosensor showed a good photoelectronic effect and cell-capture ability and had
a wide linear range and low detection limit for HeLa cells [16]. Later, another
composite of anatase TiO,—graphene (ATG) nanocomposites was synthesized via
a one-step approach using titanium(IIl) ion as reductant and titanium source in
an aqueous solution [17]. The high surface area, excellent conductivity, and suf-
ficiently functional groups enable the ATG nanocomposites to be favorable for
fabricating biosensors. When used for hemoglobin (Hb) immobilization, it could
realize the enhanced direct electron transfer (DET) of Hb, and Hb—ATG nanohy-
brid exhibited good electrocatalytic activity toward the reduction of HyO,.

5.1.2 The Electrochemical DNA Analysis of QDs

DNA analysis is associated tightly with tissue matching, genetic diseases, and
forensic applications in molecular diagnostics [18, 19]. Sensitive detection of spe-
cific nucleic acid sequences on the basis of the hybridization reaction is the key
point for various applications including clinical diagnosis, environmental control,
and forensic analysis [20]. Given the fact that the QDs own the excellent biocom-
patibility, they play an important role in DNA analysis [21].

In order to fully investigate the interaction between the QDs and the DNA, an
electroactive dsDNA indicator of Co(phen)33+/2+ (phen = 1,10-phenanthroline)
was used to measure the dissociation behavior of double-stranded DNA (dsDNA)
via the electrochemical technique [22]. It was found that Co(phen)33+/2+ was
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more easily dissociated from dsDNA-modified gold electrode in the presence of
CdTe QDs. In relatively low ionic strength, the dissociation coefficient constant
of Co(phen)s;3*/2* in the presence of CdTe QDs was 3.1 times higher than that
in the absence of CdTe QDs. This value reduced to 1.32 times in relatively high
ionic strength. This indicated that the binding site of CdTe QDs on dsDNA was
probably at major groove of dsDNA. This demonstration offers a new approach to
illustrate the QDs cytotoxicity mechanism. Based on this research, Jiao et al. [23]
developed an electrochemical biosensing for dSDNA damage induced by PbSe
QDs under UV irradiation. In this research, the damage of dsDNA was fulfilled
by immersing the sensing membrane electrode in PbSe QDs suspension and illu-
minating it with an UV lamp. Cyclic voltammetry was utilized to detect dsDNA
damage with Co(phen)33™ as the electroactive probe. The synergistic effect among
the UV irradiation, Pb%* ions liberated from the PbSe QDs under the UV irradia-
tion, and the reactive oxygen species (ROS) generated in the presence of the PbSe
QDs dramatically enhanced the damage of dsDNA. This electrochemical sensor
provided a simple method for detecting DNA damage and may be used for investi-
gating the DNA damage induced by other QDs.

Using CdSe/ZnS as label, a relatively simple, time-saving, and multiapproach
biosensor for the DNA detection was fabricated in our group [24]. By detect-
ing the cadmium content in the bond QDs, the target DNA could be indirectly
detected through the SWASV assay. Based on the hairpin probe and site-specific
DNA cleavage of restriction endonuclease, Chen et al. [25] fabricated an electro-
chemical DNA biosensor. This biosensor was used to detect DNA species related
to cymbidium mosaic virus. The stripping voltammetric measurements of the dis-
solved Cd** were successfully performed to indirectly determine the sequence-
selective discrimination between perfectly matched and mismatched target DNAs
including a single-base mismatched target DNA, and the limit detection could
reach as low as 3.3 x 10~ M for complementary target DNA. Given the simplic-
ity in design of the proposed electrochemical sensor, it is fairly easy to generalize
this strategy to detect a spectrum of targets and might have a promising future for
the investigation of DNA hybridization, also would play the potential predomi-
nance in diagnosis of virus or diseases.

What is more, based on the fact that different metal components of different
QD nanocrystal tracers yield different well-resolved and highly sensitive strip-
ping voltammetric signals, the multitarget electrochemical biosensor could be
fabricated via the utilization of different QD codes. This new multielectrochemi-
cal coding technology opens new opportunities for DNA diagnostics and for
bioanalysis.

In 2003, Wang et al. [26] first employed this strategy for the simultaneous
detection of multiple DNA targets based on QD tags with diverse redox potentials
(Fig. 5.3). Such encoding QDs offered a voltammetric signature with distinct elec-
trical hybridization signals for the corresponding DNA targets. Via the utilization
of different inorganic colloid QD nanocrystal tracers, whose metal components
yield well-resolved highly sensitive stripping voltammetric signals for the corre-
sponding targets, three encoding QDs (ZnS, CdS, and PbS) have thus been used
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Fig. 5.3 Multitarget electrical DNA detection protocol based on different inorganic colloid
nanocrystal tracers. a Introduction of probe-modified magnetic beads. b Hybridization with
the DNA targets. ¢ Second hybridization with the QD-labeled probes. d Dissolution of QDs
and electrochemical detection. Reproduced with permission from Ref. [26]. Copyright 2003,
American Chemical Society

to differentiate the signals of three DNA targets in connection with a sandwich
hybridization assay and stripping voltammetry of the corresponding heavy metals.
The new multitarget electrical detection scheme incorporates the high sensitivity
and selectivity advantages of QD-based electrical assays.

5.1.3 The Electrochemical Aptamer Analysis of QDs

As a new class of single-stranded DNA/RNA molecules, aptamers have received
a great deal of attention and attracted much interest in recent years. Aptamers are
selected from synthetic nucleic acid libraries via the selection procedure called
systematic evolution of ligands by exponential enrichment (SELEX) [27, 28].
Aptamer owns the ability to form defined tertiary structures upon specific target
binding. Since its first discovery in 1990s, many aptamers have been selected for
corresponding target combination ranging from metal ions, organic molecules,
biomolecules, to entire organism and even whole cells [29-33]. Compared with
natural receptors such as antibodies and enzymes, aptamers could be simply and
reproducibly synthesized and easily labeled [34, 35]. Besides, aptamers have
high flexibility and could be modified with certain functional groups in biosensor
design. Because of these important features, more and more interests are attracted
in developing aptamer-based biosensor (aptasensor) [36—40].

With QDs coupled with different analytes, different targets could be detected
via DPV and SWASYV by fabricating the aptasensor, such as ATP [41], thrombin
[42], cocaine [43], etc. In our group, the three-dimensionally ordered macropo-
rous (3DOM) gold film was used, instead of the classical bare flat Au electrode,
to fabricate a sensitive electrochemical aptasensor for the detection of ATP [41],
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Fig. 5.4 Schematic illustration of the QDs (CdSe/ZnS) electrochemical aptasensor based on
3DOM gold film. Reproduced with permission from Ref. [41]. Copyright 2010, Elsevier

as shown in Fig. 5.4. The 3DOM gold film endowed the active surface area of the
electrode up to 9.52 times larger than that of a classical bare flat one. The reaction
was monitored by electrochemical stripping analysis of dissolved QDs which were
bound to the residual cDNA through biotin—streptavidin system. The decrease in
peak current was proportional to the amount of ATP. The unique interconnected
structure in 3DOM gold film along with the “built-in” preconcentration remark-
ably improved the sensitivity down to 0.01 nM. This promised a novel model for
the detection of small molecules with higher sensitivity.

The multicomponent analysis could not only be used in the DNA analysis,
but also be employed in the field of aptasensor. As back in 2006, based on their
multielectrochemical coding technology for the simultaneous detection of multi-
ple DNA targets, Wang and cooperators described a simple method for preparing
a QD/aptamer-based ultrasensitive multianalyte electrochemical biosensor with
subpicomolar (attomole) detection limits [44]. The main strategy is accomplished
using a simple single-step displacement assay, which involved the coimmobiliza-
tion of several thiolated aptamers, along with binding of the corresponding QD-
tagged proteins on a gold surface. After the addition of the protein sample without
QD label, monitoring the displacement through electrochemical detection of the
remaining QDs could be achieved. Such electronic transduction of aptamer—
protein interactions is extremely attractive for meeting the low power, size, and
cost requirements of decentralized diagnostic systems. What is more, unlike two-
step sandwich assays, the new aptamer biosensor protocol relies on a single-step
displacement protocol.

Most recently, Yuan’s group [43] developed a “signal on” and sensitive biosen-
sor for one-spot simultaneous detection of multiple small molecular analytes based
on electrochemically encoded barcode QD tags. In this route, the target analytes
of adenosine triphosphate (ATP) and cocaine are respectively sandwiched between
the corresponding set of surface-immobilized primary binding aptamers and the
secondary binding aptamer/QD bioconjugates. The captured QDs (CdS and PbS)
yield distinct electrochemical signals after acid dissolution. Due to the inherent
amplification feature of the QD labels and the “signal on” detection scheme, as
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well as the sensitive monitoring of the metal ions released upon acid dissolution
of the QD labels, low detection limits of 30 and 50 nM were obtained for ATP and
cocaine, respectively, in these assays. The high specificity to target analytes and
promising applicability to complex sample matrix made the proposed assay proto-
col an attractive route for screening of small molecules in clinical diagnosis.

5.2 QDs for Photoelectrochemical Analysis

Rapid, specific detection of nucleic acid sequences has attracted significant atten-
tion due to possible applications in fields ranging from pathogen detection to the
diagnosis of genetic diseases. Among various detection techniques, photoelec-
trochemical detection has attracted significant interest. Firstly, this method is
very sensitive with low background signals due to the different forms of energy
for excitation (light) and detection (current) [45-47]. Secondly, compared to
optical detection methods such as fluorescence, chemiluminescence (CL), and
ECL, which use complex and expensive optical imaging devices, the instrument
of photoelectrochemistry is much simpler and of low cost [48]. QDs, with their
unique fluorescence properties and photoelectrochemical functions, are photoac-
tive materials for the development of nucleic acid sensor systems. A competitive
DNA hybridization assay based on the photoelectrochemistry of the semiconduc-
tor quantum dot-single stranded DNA conjugates (QD-ssDNA) was developed by
Deniz et al. [49]. A sensing surface is constructed by a self-assembled monolayer
(SAM) formation on ITO surface, activation of surface for immobilization of the
amine-modified ssDNA (probe), and then immobilization of probe on activated
surface. After obtaining sensing surface, competitive DNA assay was performed
on the probe-immobilized surface and the target concentration in the sample was
determined based on photocurrent measurements. As seen in Fig. 5.5, a current
change, photocurrent, was observed in anodic direction when the light source
was turned on, and the system immediately turned to its initial state after the light
source was turned off. Upon the competition between QD-ssDNA and single-
stranded target DNA, the photocurrent response decreased with the increase in the
target DNA concentration. A linear relationship between the photocurrent and the
target DNA concentration was obtained (R*> = 0.991), and limit of detection was
found to be as 2.2 uwM target ssDNA. The selectivity of system toward the target
DNA was also demonstrated using noncomplementary sample.

For better sensitivity, the amplified detection of DNA was accomplished by
developing a novel architecture of double-stranded DNA-cross-linked CdS nano-
particle arrays on electrode supports and the structurally controlled generation
of photocurrents upon irradiation of these arrays [5S0]. The electrostatic binding
of [Ru(NH3)6]3+ to the dsDNA units provides tunneling routes for the conduc-
tion-band electrons and thus results in enhanced photocurrents. CdS nanopar-
ticles (2.6 = 0.4 nm) were functionalized with thiolated oligonucleotide 1 or 2.
These two oligonucleotides are complementary to the 5’- and 3’-ends of the target
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Fig. 5.5 a Schematic representation of self-assembled monolayer formation, surface activa-
tion, probe immobilization, and the competitive DNA assay. a 16-phosphonohexadecanoic acid,
b amine-modified ssDNA (probe), ¢ QD—ssDNA conjugate and d target ssDNA (ON and OFF
refers to states of the light source). b Differential pulse voltammetry of MB at different elec-
trodes: a SAM/ITO, b bare ITO, ¢ after hybridization on DNA-modified ITO electrode, and d
before hybridization on DNA-modified ITO electrode. ¢ Photocurrent values for the competi-
tive hybridization assays performed at 25 °C (open diamond) and 50 °C (filled square). Inset
linear dependence of current change on the target ssDNA at 50 °C. The error bars refer to stand-

ard deviation of repetitive measurements (n = 3). Reproduced with permission from Ref. [49].
Copyright 2011, Springer

DNA 3. Figure 5.6 shows the stepwise assembly of the DNA-cross-linked CdS
particles on an Au electrode. The oligonucleotide 1 was assembled on the Au elec-
trode and then treated with the analyte 3 to yield the dsDNA system. Subsequent
interaction of the surface with the 2-functionalized CdS resulted in the binding of
the CdS nanoparticles to the surface. Further alternating interaction of the inter-
face with a solution containing the 1-functionalized CdS nanoparticles pretreated
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Fig. 5.6 The organization of oligonucleotide/DNA-cross-linked arrays of CdS nanoparticles and
the photoelectrochemical response of the nanoarchitectures. Reproduced with permission from
Ref [50]. Copyright 2001, Wiley

with 3 and with a solution containing 2-functionalized CdS nanoparticles resulted
in an array with a controlled number of CdS nanoparticle generations. The photo-
current follows the absorbance spectrum of the CdS nanoparticles, and it increases
with increasing number of generations of cross-linked particles. As we use a sac-
rificial electron donor as hole scavenger, we attribute the resulting photocurrent
to the injection of conduction-band electrons into the electrode. The photocurrent
can be switched “on” and “off” by pulsed irradiation of the arrays. The mechanism
of photocurrent generation probably involves the photoejection of conduction-
band electrons of CdS particles in contact with or at tunneling distances from the
electrode.

The conductivity of DNA has been a subject of extensive controversy [51], and
it is accepted that DNA exhibits poor conductivity [52]. However, the conduc-
tivity of DNA could be controlled by appropriate ordering of the base sequence
[53] or by the incorporation of redoxactive intercalators into dsDNA [54]. CdS
nanoparticle/DNA conjugates was immobilized on gold surfaces and the effects of
intercalators and the applied potential on the photoelectrochemical features of the
system was described in Fig. 5.7 [55]. The results demonstrate that the resulting
photocurrent can be reversibly switched between cathodic and anodic directions
by controlling the redox state of the intercalated species. The intercalation of dox-
orubicin into the dsDNA here results in a fivefold higher anodic photocurrent. The
intercalation of methylene blue into the dsSDNA here results in enhanced cathodic
photocurrent while the intercalation of oxided methylene blue in enhanced anodic
photocurrent.
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This basic phenomenon is used to probe the operation of a DNA-based machine
through the assembly of CdS nanoparticles on Au electrode [56]. The machine
includes a nucleic acid “track,” (1) that binds a primer, (2), through hybridization
to a predefined domain. Figure 5.8 depicts the principles for the DNA-machine-
induced assembly of aggregated CdS nanoparticles on an electrode support. The
synthesis of the DNA occurs on a “DNA track™ (1) that consists of two regions I
and II, Fig. 5.8a. Region I is complementary to the primer (2). The sequence II is
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Fig. 5.9 a Schematic diagram of the process to fabricate the energy transfer-controlled PEC
system. b Schematic mechanism of the operating PEC system. Process 1, photoexcitation of the
CdS QDs; 2, photon absorption and electron transfer from the valence band (VB) to the con-
duction band (CB); 3, hole neutralization by electron donor; 4, electron ejection to the electrode
for photocurrent generation; 5, nonradiative electron—hole recombination; 6, radiative elec-
tron-hole recombination; 7, spontaneous emission originating from radiative decay; 8, plasmon
enhancement on radiative decay; and 9, exciton energy transfer (EET) from CdS QDs to Au NPs.
¢ Photocurrent intensity in 0.10 M PBS containing 0.08 M ascorbic acid of (a) CdS/ITO elec-
trode modified with 20 mL, 1 mM capture DNA and blocked by MEA, and after hybridization
with (b) Au NP-labeled target DNA, (c) bare target DNA, and (d) SiO, NP-labeled target DNA.
d Effect of different concentrations of target DNA on the differential photocurrent responses.
Inset the corresponding calibration plot (Al = Ip—1, Iy and I are the photocurrents of the capture
DNA/CdAS/ITO electrode prior to and after hybridization). The working potential was 0.0 V, and
the excitation wavelength was 420 nm. Reproduced with permission from Ref. [57]. Copyright
2011, Royal Socienty of Chemistry

complementary to a nucleic acid (3) that is being released by the machine. Upon
the hybridization of (2) with the region (I) of (1) and the subsequent addition of
polymerase, the dNTPs mixture, and the nicking enzyme Nb. BbvClI, polymeriza-
tion of the complementary strand to (1) is initiated. The replication of domain II
yields, however, the key for the machine operation since the generated strand in
the duplex of region II includes the nicking site for the enzyme. Thus, while the
initial replication of the template proceeds, the nicking process establishes a new
polymerization site. The subsequent polymerization involves the displacement of
the originally replicated strand (3). Thus, the replication, nicking, and displace-
ment of (3) proceed autonomously, and the displaced product (3) may be viewed
as a “waste product.” The “waste product” (3) is then used as the bridging unit
for the assembly of the CdS nanoparticles. CdS nanoparticles were modified with
the thiolated nucleic acid (4) that is complementary to the 5-end of (3) Fig. 5.8b.
The Au electrode was functionalized with the thiolated nucleic acid, (5), that is
complementary to the 3-end of (3). The initiation of the machine operation in the
presence of the (5)-modified electrode results in the hybridization of (3) with the
electrode and the subsequent hybridization of the (4)-modified CdS nanoparticles
with the modified electrode, Fig. 5.8b. Thus, the photoelectrochemical response of
the machine may act as a transduction signal for the time-dependent assembly of
the CdS nanoparticle aggregates.

The above works in this field are exclusively based on the change in direct
electron transfer process between the photoactive materials and the ambient envi-
ronment prior to and after the biorecognition events. Chen et al. present the first
exploitation of energy transfer between CdS QDs and Au NPs in a PEC system
to search for an advanced energy transfer-based PEC bioassay protocol [57]. As
shown in Fig. 5.9a, the new energy transfer-based PEC detection format involved
the modification of an indium tin oxide (ITO) electrode with CdS QDs, followed
by the integration of Au NPs into the system for sensitive DNA detection, on the
basis of the interparticle energy transfer between CdS QDs and Au NPs bridged
by the biorecognition of DNA. As shown in Fig. 5.9b, photoexcitation of the CdS
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QDs (process 1) would result in the electron transfer from the valence band (VB)
to the conduction band (CB) (process 2), thus yielding electron—hole pairs. As
soon as the charge separation occurs, the electron-hole pairs would be destined
for recombination (process 5 or 6) or the charge transfer (such as process 3 and 4).
The emission of the CdS QDs was used to excite the surface plasmon resonance
(SPR) of the proximal Au NPs (process 7), which would create local electric fields
that in turn modulate the exciton states in the CdS QDs by enhancing the radiative
decay rate (process 8). Along with the SPR effect, Au NPs would also introduce an
additional nonradiative decay route for electron-hole recombination in CdS QDs
(process 5) with exciton energy transfer (EET) from the CdS QDs to the Au NPs
(process 9). Processes 5 and 6 are cooperative, and their overall effect contends
with the electron transfer of process 4, so the concern here is their overall effect
on the excitonic response of the CdS QDs, and hence, on the final photocurrent
intensities, that could facilely be monitored by electrical signal. The photocurrent
decrease was proportional to the DNA concentration logarithmically with the lin-
ear range from 5.0 x 10719 M t0 5.0 x 10712 M (R? = 0.9858) and detection limit
of 2.0 x 10715 M. Comparing with gold, silver has a dielectric function, gag(w),
and a stronger plasmon resonance. Plasmon band of Ag NPs fully overlaps with
the absorption band of utilized CdS QDs Ag-NPs-based assemblies can demon-
strate enhanced properties suitable for optical and sensor applications [58]. Due
to their natural absorption overlap, the exciton of the QDs and the plasmon of Ag
NPs could be induced simultaneously. The EPI resonant nature enabled manipu-
lating photoresponse of the QDs via tuning interparticle distances (Fig. 5.10).
Specifically, the photocurrent of the QDs could be greatly attenuated and even be
completely damped by the generated EPI. The photocurrent decrease was propor-
tional to the concentration of labeled target DNA in logarithmic scale with the lin-
ear range from 2.0 x 1071 t0 2.0 x 107! M.

In order to produce photocurrents, photoexcitation of light source is usually
required. However, the appendant light source makes the instrument compli-
cated. In addition, the exciting wavelengths of various photoelectroactive materi-
als are different. Hence, monochromator is needed to bring appropriate exciting
light, which makes the volume of the instrument bigger and departures from the
portable trend for biosensor. Consequently, a strategy for substitution of physical
light source is highly deserved [59]. Chemiluminescence is defined as a process in
which excited molecules or atoms generated from chemical reactions release the
excess of energy in light form. Different CL systems can bring emission light of
various wavelengths. At the same time, reaction conditions such as type of fluores-
cence reagent and reaction solution can also affect the emission wavelength. Thus,
by adjusting the conditions of CL reaction, various photoelectrochemically active
species can be excited theoretically, which can realize the photoelectrochemi-
cal detection free from physical light source. The photoelectrochemical analysis
of a DNA analyte without an external irradiation of the QD-modified electrode is
depicted in Fig. 5.11a. The CdS QDs linked to the electrode were functionalized
with BSA units, and the thiolated nucleic acid probe, 3, that is complementary
with the 5’-end of the analyte, 4, was tethered to the BSA layer. The measurement
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Fig. 5.10 a Schematic mechanism of the operating PEC system. b Photocurrent intensity in
0.10 M PBS containing 0.10 M ascorbic acid of (a¢) PDDA/CdS-modified ITO electrode, (b)
modified with 20 pL, 1 wM capture DNA and blocked by MEA, and (c) hybridized with Ag
NPs-labeled target DNA. The oligonucleotide sequences of 12 base pairs were used here, and
their concentration was 1.0 x 10~ M. The working potential was 0.0 V, and the excitation wave-
length was 420 nm. ¢ Effect of different concentrations of target DNA on the differential photo-
current responses (Al = I0—1, 10 and [ are the photocurrents of capture DNA/CAS/ITO electrode
before and after hybridization). Insert the corresponding calibration curve. The used DNA was
36 bases, and the photocurrent measurement was carried out in 0.10 M PBS containing 0.10 M
ascorbic acid (AA). The working potential was 0.0 V, and the light wavelength was 420 nm.
Reproduced with permission from Ref. [58]. Copyright 2012, American Chemical Society

solution also contained the catalytic DNA label, 5, composed of the G-quadruplex
sequence and a nucleic acid residue that can hybridize with the free 3’-end of
the analyte, 4. Thus, the analyte serves as a bridging unit for the assembly of the
hemin/G-quadruplex label on the electrode. Accordingly, in the presence of the
analyte, the hemin/G-quadruplex catalytic label is positioned in close proximity to
the CdS QDs associated with the electrode. As a result, the hemin/G-quadruplex-
catalyzed oxidation of luminol by H>O, and the resulting chemiluminescence
may stimulate the CRET process and lead to the generation of the photocurrent.
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Fig. 5.11 a Schematic analysis of a target DNA by a sandwich-type nucleic acid assay on the
CdS QDs-BSA conjugate associated with an electrode using the hemin/G-quadruplex as a cat-
alytic label for the CRET-stimulated generation of photocurrents. b Time-dependent photocur-
rent intensities upon analyzing different concentrations of the analyte DNA, 4, using the CdS
QDs/BSA-3 as the sensing interface and the hemin/G-quadrplex as a catalytic label for the gen-
eration of chemiluminescence and CRET-stimulated generation of photocurrents. Concentrations
of 4 correspond to (a) 0 nM, (b) 1 nM, (c) 5 nM, (d) 10 nM, (e) 100 nM, and (f) 1,000 nM.
¢ Derived calibration curve corresponding to the photocurrent intensities generated by different
concentration of 4 after a time interval of 1 min. Error bars were derived from a set of N = 3
experiments. Inset: the linear part of the calibration curve. d Photocurrent intensities upon ana-
lyzing (a) the target, 4, 1 wM; (b) the single-base mismatched nucleic acid 4a, 1 wM; and (c) the
two-base mismatched nucleic acid 4b, 1 wM, using CdS QD-BSA-3 sensing interface and 5 as
a catalytic label. In all experiments, a 10 mM HEPES buffer solution, pH = 9.0, that included
20 mM KNO3, 200 mM NaNO3, 1 wM hemin, 0.1 uM 5, 0.57 mM luminol, 0.5 mM H,0O,, and
20 mM triethanolamine (TEOA) was used as the analysis reaction medium. Reproduced with
permission from Ref. [59]. Copyright 2012, American Chemical Society

Since the surface coverage of the hemin/G-quadruplex on the electrode is con-
trolled by the concentration of the analyte, the resulting photocurrent intensities
depend on the concentration of the analyte and provide a quantitative measure
for the DNA analyte, 4. Figure 5.11b shows the photocurrent intensities gener-
ated by the system in the presence of different concentrations of the analyte DNA.
Figure 5.11c shows the resulting calibration curve, implying that the analyte DNA
could be detected with a detection limit that corresponds to 2 nM.
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