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
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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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Fig. 3.7 Schematic of single QD-based DNA nanosensors. a Conceptual scheme showing
the formation of a nanosensor assembly in the presence of targets. b Fluorescence emission
from Cy5 on illumination on QD caused by FRET between CyS5 acceptors and a QD donor in
a nanosensor assembly. ¢ Experimental setup. Reproduced with permission from Ref. [21].
Copyright 2005, Macmillan Publishers Ltd
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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 (qRT-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].
Copyright 2005, Oxford University Press
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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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Fig. 3.11 Efficiency of interaction between siRNA hybridization probes and bcr/abl mRNA
hybridization samples-FRET analysis. a Typical fluorescent spectra of nonhybridized and hybrid-
ized QD-labeled siRNA probe and Cy5-labeled mRNA sample (iex) 420 nm. 1: QD-siRNA-6
(mismatch). 2: QD-siRNA-6 plus Cy5-labeled mRNA. 3: QD-siRNA-5 plus Cy5-labeled mRNA.
b FRET between QD-labeled siRNAs and Cy5-labeled target mRNA. The results on histograms
represent the mean (SD from seven-independent experiments for siRNA-1, 2, and 6, and from
six independent experiments for siRNA-3, 4, and 5. ¢ Correlation between FRET data (obtained
in this study) and effect of anti-bcr/abl siRNAs on the level of target mRNA (obtained from the
literature), r is the correlation coefficient. Reproduced with permission from Ref. [42]. Copyright

2005, American Chemical Society
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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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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
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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.
2.
3.
4.
S.
6.
7

8.

s

Fig. 3.17 Multicolor targeting of SNP mutations in human oncogene p53 (rows /—6) and of
human hepatitis B and C viruses (rows 7—/0) 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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