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Foreword

The detection of particular nucleic acid sequences is important for scientists in a
number of disciplines. Cell biologists need to see where in the cell particular RNAs
are present; pathologists need to detect cancerous cells and infectious organisms
by virtue of the characteristic nucleic acid sequences that they possess; and clinical
biologists wish to isolate stem cells, based on their unique gene expression profiles.
In 1996, our laboratory introduced a simple method for nucleic acid detection by
developing molecular beacon probes. Molecular beacons are synthetic DNAs that
possess a quenched fluorophore that becomes brightly fluorescent when the probes
hybridize to complementary DNA or RNA sequences.

Thanks to the efforts of many investigators, particularly Weihong Tan and
Chaoyong James Yang, the authors of this remarkable book, that simple idea has
found applications in fields far beyond what was originally imagined. Molecular
beacons are now employed worldwide by a vibrant clinical diagnostics industry;
and they are incorporated into diverse assays for the detection of many pathogens,
including Staphylococcus aureus, Mycobacterium tuberculosis, the human immun-
odeficiency virus HIV-1, and human papilloma viruses.

Tan and Yang capture the excitement that pervades the hundreds of laboratories
around the world that have developed and exploited molecular beacons technology.
They begin by describing the design, synthesis, and purification of molecular
beacons; and they then explore their thermodynamic and kinetic properties, and
their use in real-time PCR measurements, in the detection of single-nucleotide
polymorphisms, in applications where the probes are tethered to solid surfaces,
and in the imaging of mRNAs in living cells. Furthermore, one of the most
exciting developments that the authors describe is their laboratory’s development
of aptamer molecular beacons, which can be used to detect proteins, and they
describe how these aptamers can be employed for the selective in vivo imaging
of tumor cells.

The fruits of many years of molecular beacons research, in both academic
and commercial laboratories, are scattered throughout the scientific literature.
Tan and Yang provide an organized and comprehensive view of this literature.
This exceptionally well-written and authoritative compendium will stimulate the
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vi Foreword

imagination of researchers in diverse fields ranging from analytical chemistry to cell
biology, and will provide a detailed foundation for the development of significant
new applications in the clinical diagnostics community.

Public Health Research Institute Sanjay Tyagi
Rutgers University Fred Russell Kramer
Newark, NJ, USA
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Chapter 1
Design, Synthesis, Purification,
and Characterization of Molecular Beacons

Zhi Zhu

Abstract Molecular beacon is hairpin-structured single-stranded oligonucleotide
that can report the presence of specific nucleic acids through hybridization. It has
been widely used for nucleic acid detection with high sensitivity and selectivity. The
excellent performance of molecular beacons is primarily dependent on ingenious
design, successful synthesis, as well as reliable purification. In this chapter, the
design principle of molecular beacon is first presented, including the design of loop
and stem as well as the choice of fluorophore and quencher pair. Then, the standard
protocols of molecular beacon synthesis and purification are introduced. Finally, the
characterization method of molecular beacon has to be done to ensure the production
of high-quality MB probes and, subsequently, their implementation in accurate and
reliable assays and applications.

1.1 Introduction

The hybridization of a nucleic acid strand to its complement target is one of the most
specific molecular recognition events known. First reported by Tyagi and Kramer
in 1996 [1], molecular beacons, commonly termed molecular beacon probes, are
based on this principle. Molecular beacons (MBs) are oligonucleotide hybridization
probes that can report the presence of specific nucleic acids in homogeneous
solutions. This single-stranded DNA molecule consists of a stem-and-loop structure
doubly labeled with a fluorophore and a quencher group on each end (F and Q,
respectively, in Fig. 1.1). As shown in Fig. 1.1, MBs act like switches that are
normally closed by the stem part, and in the “off” position, little fluorescence
background is noted by the effect of quenching. However, upon binding with
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Department of Chemical Biology, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, P.R. China
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2 Z. Zhu

Fig. 1.1 Basic principle of molecular beacons

their targets, conformational changes open the hairpin, and fluorescence is turned
“on” [2–6]. Molecular beacon probes are characterized by simple operation and
high sensitivity and specificity. As such, they have become a class of molecules
widely used in chemistry, biology, biotechnology, and biomedicine for biomolecular
recognition [5, 7–9].

The excellent performance of MBs is primarily dependent on ingenious design,
successful synthesis, as well as reliable purification. In this chapter, we will
summarize the development of molecular beacons over the last 15 years, focusing
on their design, synthesis, purification, and characterization. First, general design
principles are introduced, including the choice of probe sequence, stem portion, and
suitable fluorophore/quencher pair. Next, the synthesis and purification of MBs are
described in detail. Both steps are crucial for the generation of high-quality probes.
Finally, the basic methods of characterizing MBs are presented.

1.2 Design Principles of Molecule Beacons

A molecular beacon probe is a fluorescent-labeled oligonucleotide with 25–35
nucleotides long. A typical molecular beacon structure can be divided into four
parts:

• Loop: This is the 18–30 single-strand region of the MB which is complementary
to the target sequence.

• Stem: The MB stem is formed by the attachment, to both termini of the loop, of
two short (5–7 nucleotide residues) oligonucleotides that are complementary to
each other.

• 50 Fluorophore: At the 50-end of the MB, a fluorescent dye is covalently attached.
• 30 Quencher (nonfluorescent): The quencher dye is covalently attached to the

30 end of the MB. When the MB is in closed-loop shape, the quencher resides in
proximity to the fluorophore, which results in quenching the fluorescent emission
of the latter.

The design principle of each separate part follows.
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1.2.1 Probe Sequence Design

The process of molecular beacon design begins with the selection of the probe
sequence, the determinant of probe specificity. To begin, an amplicon is a piece
of DNA formed as the product of natural or artificial amplification events. For
example, it can be formed by polymerase chain reactions (PCR) or ligase chain
reactions (LCR) as well as by natural gene duplication. If the MB is designed to
detect synthetic products during PCR, then any region within the amplicon that is
outside the primer binding sites can be selected [8, 10–12]. The probe sequence of
the MB should be long enough to bind to its target at the annealing temperature. In
order to discriminate between amplicons that differ from one another by as little as a
single-nucleotide substitution, the length of the probe sequence should also be such
that it dissociates from its target at temperatures 7–10 ıC higher than the annealing
temperature of the PCR. The melting temperature of the probe-target hybrid can
be predicted using the “percent-GC” (guanine and cytosine) rule or “nearest-
neighbor” rules [available in most probe or primer design software packages, such
as OligoAnalyzer 3.1 (http://www.idtdna.com/analyzer/applications/oligoanalyzer/)
[13] or NUPACK (www.nupack.org, developed by Caltech)] [14]. The prediction
should be made for the probe sequence alone before choosing the stem sequences.

If, on the other hand, single-nucleotide allele discrimination is not desired,
longer and more stable probes can be chosen. However, while increase in the probe
length results in improved affinity, it leads to reduced specificity. Nonetheless, the
sensitivity and specificity of the probe for its target can be optimized for the desired
application by adjusting the sequence length and GC content. As a general rule,
probe sequences should be more than double the length of the stem portions in order
to ensure the structure changes after hybridization, thus sufficiently separating the
two signaling moieties. Generally, the length of the probe sequence falls in the range
of 15–30 nucleotides and should not form any secondary structure [1, 11, 15]. If this
happens, then the frame of the probe can be moved along the target to obtain a probe
sequence that has minimal secondary structures. Small stems within the probe that
are 2–3 nucleotides long do not adversely affect the performance of MBs.

1.2.2 Stem Sequence Design

After selecting the probe sequence, two complementary arm sequences are added on
either side of the probe sequence. This is the stem sequence. The stem is designed
in such a way that it should have a melting temperature of 7–10 ıC more than
the detection temperature [1, 16]. Usually, the stems are 5–6 base pairs and have
a very high GC content (75–100 %) [8]. The length and the GC content of the stem
sequence are designed in such a way that at the annealing temperature of the PCR,
and in the absence of the target, the MBs remain closed and nonfluorescent. Since
the stem is created by intramolecular hybridization, the melting temperature of the

http://www.idtdna.com/analyzer/applications/oligoanalyzer/
www.nupack.org


4 Z. Zhu

stem cannot be predicted by the percent-GC rule. Instead, a DNA folding program,
such as the Zuker DNA folding program, mfold, and UNAfold available at http://
mfold.rna.albany.edu/ [13], can be utilized to estimate the melting temperature of
the stem. In general, 5-bp GC-rich stems have a melting temperature between 55
and 60 ıC, 6-bp GC-rich stems have a melting temperature between 60 and 65 ıC,
and 7-bp GC-rich stems have a melting temperature between 65 and 70 ıC [17].
MBs with shorter stem length have faster hybridization kinetics but suffer from
lower signal-to-background ratio. In contrast, MBs with longer stem length can
increase the difference of melting temperature between perfectly complementary
duplex and mismatched duplex; therefore, MBs can have higher specificity but
then slower hybridization kinetics [18–20]. Another concern is the final nucleotide
positioned just before the fluorophore. Several investigators have observed that
nucleotides can quench the fluorescence emission of fluorophores [4, 21]. While
the quenching efficiency of the bases is smaller than those of commonly used
quenchers, it can still significantly affect the performance of the MB. Guanine
(G) is the best quencher among the bases, followed closely by adenine (A), while
cytosine (C) and thymine (T) exhibit a much lower quenching efficiency. The
quenching properties of guanosine are centered on its electron donating ability
that allows the energy transfer between the base and the fluorophore. Fluorophores
with green and yellow emission were quenched more efficiently by nucleotides
than fluorophores with blue and red emission. As a result, care must be taken
in the stem design to avoid the direct influence of neighboring nucleotide to the
fluorophore.

After designing of both probe and stem, it is important to confirm that the MB
does, indeed, form a hairpin structure in the absence of target. If the fluorophore is
not close to the quencher, it will cause high background. If the stem is longer than
expected, it will slow down the kinetics of hybridization with the target, an issue
described at length in Chap. 2. If unexpected secondary structures result from the
choice of the stem, a different stem sequence needs to be designed. The use of DNA
folding software can prevent these problems.

1.2.3 Energy Transfer Mechanism for Molecular Beacons

Essentially, two forms of energy transfer may exist in MBs: dynamic and static
fluorescence quenching [22].

Dynamic quenching includes Förster transfer (RET or FRET) and Dexter transfer
(collisional quenching or electron-transfer quenching) [22]. It can occur between
the donor and the acceptor by a nonradiative, long-range dipole-dipole coupling
mechanism. Three basic requirements need to be satisfied: (1) that the distance
between the donor and the acceptor be within 20–100 Å, as the two moieties brought
any closer will result in reduced intensity; (2) that the spectral overlap be between
the donor’s emission and the acceptor’s absorption spectra; and (3) that the relative
orientation of the donor and acceptor be approximately parallel. The rate of FRET

http://mfold.rna.albany.edu/
http://mfold.rna.albany.edu/
http://dx.doi.org/10.1007/978-3-642-39109-5_2
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is inversely proportional to the sixth power of the separation distance of the donor
and the acceptor or quencher.

Static or contact quenching requires much closer contact between the two moi-
eties and the formation of ground-state complex, an intramolecular dimer with its
own unique properties, such as being nonfluorescent and having a unique absorption
spectrum [16, 21–23]. Dye aggregation often occurs through hydrophobic effects
when the dye molecules stack together to minimize contact with water. Planar
aromatic dyes that are matched for association through hydrophobic, electron steric
forces can enhance static quenching. High temperatures and addition of surfactants
tend to disrupt ground-state complex formation. Here, spectral overlap is not a
significant determinant for quenching, and quenching efficiencies remain very high
in the absence of spectral overlap. The collision between the fluorophore and the
quencher distorts the energy level of the excited fluorophore, which, in turn, causes
quenching. Most of the absorbed energy from fluorophore is dissipated as heat,
rather than emitted as light. Both forms of energy transfer strongly depend on the
distance between the two moieties on each terminus of the stem. Therefore, it is
their spatial separation that determines the efficiency of energy transfer. When a
target DNA hybridizes to an MB, fluorescence increases substantially with the larger
separation between the two moieties. In most cases, static quenching, the original
signaling mechanism of MBs, is the leading mechanism in MBs because of the short
distances between the dyes [1].

1.2.4 Choice of Fluorophore and Quencher

The appropriate choice of fluorophore and quencher pair is critical for improved
signal-to-background ratio. A systematic study of various static quenching effi-
ciencies for different fluorophore and quencher pairs was summarized in Table 1.1
[4, 21]. The available organic dyes for MBs can cover the whole visible range
from 400 to 700 nm. This flexibility in reporter dye is very useful in multiplex MB
detection reactions [16, 24, 25]. For example, a multiplex nucleic acid assay simulta-
neously detecting four different retroviruses was developed with the use of different
colored MBs [25]. Frequently used nonfluorescent quenchers include dabcyl
(4-(dimethylaminoazo)benzene-4-carboxylic acid) and Black Hole Quenchers
BHQ1 and BHQ2 [16, 21], all of which can serve as universal quenchers for a
variety of fluorophores. The typical static quenching efficiency of these compounds
lies between 80 and 98 %. Since the requirement of spectral overlap is not observed
by the static quenching mechanism, different colored fluorophores can be quenched
by the same nonfluorescent quenches. For example, BHQ-1 can quench the
fluorophore from visible to near infrared, even though its maximum absorbance
is 534 nm [4]. The appropriate fluorophore can be chosen on the basis of the
instrumentation available for excitation and emission detection of fluorophore and
the real-time application. Then, matching the fluorophore with an effective quencher
can lead to improvements in detection by reducing the background from the MB in
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Table 1.1 Static quenching efficiency of different fluorophore-quencher combinations [21]

Dabcyl BHQ-1 QSY-7 BHQ-2

Fluorophore Emax (nm) (Amax 475 nm) (Amax 534 nm) (Amax 571 nm) (Amax 580 nm)

Alexa 350 441 95 % 97 % 97 % 96 %
Cy2 507 95 % 98 % 96 % 97 %
Alexa 488 517 94 % 95 % 95 % 93 %
FAM 517 91 % 93 % 93 % 92 %
Alexa 430 535 76 % 92 % 77 % 96 %
Alexa 532 551 93 % 95 % 96 % 93 %
Cy 3 564 94 % 97 % 95 % 93 %
Alexa 546 570 93 % 98 % 98 % 96 %
TMR 577 83 % 87 % 87 % 86 %
Cy 3.5 593 89 % 96 % 95 % 95 %
Alexa 568 599 91 % 98 % 99 % 98 %
Texas Red 603 96 % 98 % 98 % 97 %
Alexa 594 612 90 % 95 % 95 % 94 %
Alexa 633 645 96 % 98 % 97 % 97 %
Cy 5 663 84 % 96 % 79 % 96 %
Cy 5.5 687 82 % 96 % 74 % 95 %
Alexa 660 690 81 % 96 % 94 % 95 %
Alexa 680 702 81 % 94 % 90 % 93 %

Emax the emission maximum of the fluorophore, Amax absorption maximum of the quencher

the absence of targets. Researchers also observed that the affinity of fluorophore and
quencher affects DNA hybridization [21]. For instance, the melting temperature of
hybrids without any labels is 49 ıC. However, with different fluorophore-quencher
labeling, the melting temperatures range from 51 to 59 ıC, which also correlates
with the quenching efficiency. Fluorophore-quencher pairs that form strong bonding
and stabilize the hybrid with higher melting temperatures have higher quenching
efficiencies.

1.3 Synthesis of Molecular Beacons

In this section, the general procedure of DNA synthesis will be reviewed, in
particular, the synthesis of molecular beacons.

1.3.1 Chemical Synthesis of Nucleic Acids

Currently, the chemical synthesis of relatively short nucleic acids (fewer than 200
bases) with a defined sequence is a remarkably simple, rapid, and inexpensive task
on a commercial DNA synthesizer. For example, the Applied Biosystems 3400
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Fig. 1.2 Phosphoramidite chemistry. (a) Structure of phosphoramidite. (b) Four monomers of
nucleic acid phosphoramidite

DNA Synthesizer is a versatile, four-column, benchtop instrument designed for 40-
nmol, 200-nmol, and 1-�mol synthesis scale. Developments in nucleic acid research
have spurred a dramatic expansion of the range of available modifications, either
on the sequence ends or in the middle, which, in turn, greatly broadens nucleic
acid applications. Generally, these modifiers are available at www.glenresearch.
com, www.chemgenes.com, www.biosearchtech.com, and others. Currently, the
process is implemented as solid-phase synthesis using the phosphoramidite method
and phosphoramidite building blocks derived from protected 20-deoxynucleosides
(dA, dC, dG, and T), ribonucleosides (A, C, G, and U), or chemically modified
nucleosides, e.g., Locked Nucleic Acid (LNA).

The building block, phosphoramidite (Fig. 1.2a), is composed of different
functional groups: a nucleoside base plus a sugar ring, a phosphate, and protection
groups. A diisopropyl phosphoramidite group is attached to the 30-hydroxyl of a
nucleoside, ensuring efficient coupling. The 50-hydroxyl of deoxyribose is capped
with an acid-labile dimethoxytrityl (DMT) group, which can be selectively activated
under acidic conditions during the synthesis. To prevent undesired side reactions,
the phosphite is protected by a 2-cyanoethyl group, and all primary amines of
nucleosides have to be rendered unreactive by attaching specific protecting groups
(Fig. 1.2b), all of which are base sensitive to enable effective removal by strong
bases after synthesis. Other modifiers, such as fluorophores, amines, biotin, and
spacers, although different in structure and protecting group, share the same strategy
to design into functional phosphoramidites.

Whereas enzymes synthesize DNA and RNA in a 50 to 30 direction, chemical
synthesis of oligonucleotide is carried out from 30 to 50. The synthesis cycle begins
with a column containing the solid support (controlled pore glass bead (CPG)) with
holes and channels in it, in which the first nucleotide on the 30-end is covalently
attached via its 30-terminal hydroxyl group with a long space arm. The synthesis

www.glenresearch.com
www.glenresearch.com
www.chemgenes.com
www.biosearchtech.com
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Fig. 1.3 Automated oligonucleotide synthesis through phosphoramidite chemistry

column has filters on both sides to hold the beads. The reagents pass through
the filter to react with the beads, and excess reagents are easily removed. During
synthesis, the phosphoramidite building blocks are sequentially coupled to the
growing oligonucleotide chain on the beads.

One synthesis cycle involves four chemical reactions: detritylation, coupling,
capping, and oxidation, as shown in Fig. 1.3.

The first step, detritylation, is a process whereby the column is flushed with a
dilute acidic solution, either 3 % dichloroacetic acid (DCA) or trichloroacetic acid
(TCA) in dichloromethane (DCM), to remove the trityl group protecting the 50-
hydroxyl at the end of the growing oligonucleotide chain attached to the CPG.
Then the 50-hydroxyl group becomes the only group on the column to react with
the subsequent nucleotide. The intensity of the orange color from DMT liberated at
this step is measured by a UV-vis detector inside the instrument to determine the
coupling efficiency of the previous step.

The second step, coupling, is achieved by adding a phosphoramidite derivative
of the next nucleotide with tetrazole, a weak acid, together through the column. The
tetrazole protonates the diisopropylamine leading to the formation of the tetrazole-
phosphoramidite intermediate, which is susceptible to nucleophilic attack by the
active 50-hydroxyl group on the CPG to form an unstable phosphate triester linkage.
The reaction column is then washed to remove any extra tetrazole, unbound bases,
and by-products.
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Since the coupling yield is not always 100 %, some of the solid support-bound
50-hydroxyl site remains unreacted and thus could react in later cycles, resulting
in an oligonucleotide with a deletion. To prevent this from happening, the third
step, capping, is needed to terminate or cap the unreacted 50-hydroxyl groups by
acetylation to become “failure products.” This is achieved by co-delivering acetic
anhydride and 1-methylimidazole through the column. The DMT group of the
successful coupling step protects the 50-hydroxyl group from being capped. This
step can minimize the lengths of failure products and facilitate post-synthesis HPLC
purification.

The last step, oxidation, converts the internucleotide linkage from the less stable
phosphite to the much more stable phosphate linkage. It is achieved by treating the
support-bound materials with iodine and water in presence of a weak base, such as
pyridine. Iodine is used as the oxidizing agent and water as the oxygen donor.

1.3.2 Special Characteristics of Molecular Beacon Synthesis

Conventionally, MBs were synthesized by the manual coupling of fluorophore
and quencher moieties to the oligonucleotides with amino and sulfhydryl groups
at each end. However, the availability of various fluorophores and quenchers as
phosphoramidite derivatives or linked to CPG solid supports has made it possible
to synthesize most MBs using the protocol described above on a DNA synthesizer
[2, 6]. For example, a CPG solid support, derivated with Dabcyl, BHQ-1, or BHQ-2,
is used to start synthesis at the 30-end. Then, the remaining nucleotides are added
sequentially, as designed by standard phosphoramidite chemistry. At the 50-end, a
fluorophore phosphoramidite derivative is conjugated on the MBs. In most cases,
no changes in DNA synthesis protocol are required in order to incorporate the
50 fluorophores; however, it is highly recommended that the users refer to the
instruction manuals provided by the manufacturers for special coupling and post-
synthesis protocol for each phosphoramidite derivative.

Sometimes, a fluorophore or quencher is not available for direct incorporation
on a DNA synthesizer. Chemically reactive fluorophore derivatives can still be
introduced by a post-DNA synthesis step [12]. In this case, an amino or sulfhydryl
phosphoramidite is incorporated at the 50-end of the MB. Following a second post-
DNA synthesis step, succinimidyl ester derivatives of fluorophores are coupled
with an amino group, and either fluorophore iodoacetamide or maleimide deriva-
tives are coupled to a sulfhydryl moiety. If the protecting group on amino and
sulfhydryl can be easily removed without influencing other protecting groups on
the oligonucleotide, this solid-liquid reaction, which has a higher yield, can directly
take place on the CPG solid support. Otherwise, the oligonucleotide is first removed
from the CPG and purified by high-pressure liquid chromatography (HPLC). Then,
the fluorophore coupling reaction happens in liquid phase, and a second HPLC is
needed.
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After synthesis and modification are complete, the fully protected products are
hydrolyzed, removed from the CPG solid support, and deprotected. The method
varies according to the functional groups on the oligonucleotides. Normally, this is
done by incubating the CPG in concentrated ammonia at high temperature for an
extended amount of time. However, MBs require special attention. Particularly, the
deprotection procedures will vary among manufacturers; thus, the manufacturer’s
instructions should be followed closely. Otherwise, an inappropriate deprotection
method might irreversibly damage the fluorophore. With this step, all the pro-
tecting groups on the nucleosides and the 2-cyanoethyl group on the phosphate
are removed. If, however, DMT is applied as the hydrophobic group to interact
with HPLC stationary phase, only the DMT group on 50-hydroxyl remains. Next,
during incubation in ethanol at �20 ıC for 30 min, the oligonucleotide and some
salts precipitate from the solution, and, finally, the precipitate is collected by
centrifugation at high speed and is ready for further purification.

1.4 Purification of Molecular Beacons

As described in Sect. 1.3, oligonucleotide chemical synthesis typically yields
the target oligonucleotide contaminated with truncated by-products. Low-quality
oligonucleotides may have a detrimental impact on performance, especially for
MBs. Background fluorescence from failure products contributes to false-positive
or false-negative results. Consequently, purification is the next important step for
further assays and applications.

Traditionally, two techniques are widely used for DNA separation: polyacry-
lamide gel electrophoresis (PAGE) and chromatography [26–28]. Although the
separation ability of PAGE is excellent for oligonucleotides within 100 mers with
greater than 98 % purity in most cases, the method is lengthy and laborious. Also,
it is difficult to scale up the oligonucleotide mass load without a loss of resolution.
Moreover, this technique is difficult to automate.

The two most commonly used chromatographic modes are anion exchange and
reversed phase. Anion exchange chromatography separates oligonucleotides based
on the number of charges (phosphate linkages) and is very efficient for lengths from
2 to 30 mers with purity of about 95–98 % [29]. It should be noted that selectivity
of the separation decreases as the length of the oligonucleotide increases, and
sometimes this causes overall yield to be sacrificed in order to obtain a high purity
product. Reversed-phase HPLC has become a popular technique for oligonucleotide
purification with the introduction of the “trityl-on” (DMT-on) method, which is the
most suitable technique for modified oligonucleotides, especially MB purification.

Actually, the most commonly used HPLC technique for oligonucleotide purifica-
tion is reversed-phase ion-pairing HPLC (RP-IP HPLC) [26–28, 30]. In RP-HPLC,
the alkyl chains interact with analytes and reverse the elution order. Here, the
method utilizes hydrophobic properties of the dimethoxytrityl (DMT) protection
moiety used in DNA synthesis. The DMT group is not cleaved from the 50-end
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Fig. 1.4 Partial structure of a synthetic oligonucleotide. (a) “DMT-on” target product. (b) “DMT-
off” failure product

of the full-length product after the very last synthesis step to assist in RP-HPLC,
which is named “DMT-on” purification. The resulting synthetic mixture contains
the full-length “DMT-on” target products and shorter “DMT-off” failure products
(Fig. 1.4). The target product bearing the DMT group is strongly retained on
RP-HPLC sorbents and elutes significantly later than the failure product. The
separation selectivity is greatly enhanced by the presence of DMT group, allowing
for convenient purification of oligonucleotides up to about 100 mer.

Meanwhile, the stationary phase, alkyl chains on column, is nonionic and
hydrophobic. However, DNA molecule is ionic due to the phosphate backbone and,
without any treatment, interacts poorly with the stationary phase. In order to convert
DNA from polar to nonpolar, ion-pairing chromatography (IP-HPLC) is introduced.
An additive organic cation, as part of the eluent, allows the nucleic acid to become
nonpolar. Each anionic phosphate group of DNA is paired with an organic cation, as
shown in Fig. 1.5a. The organic cation is a positively charged ammonium cation that
also contains alkyl groups. This interaction results in the formation of an ion pair
that is more “organic” than a normal oligonucleotide and can therefore be separated
on a RP-HPLC column with an organic-aqueous mobile phase such as acetonitrile
(ACN) water.

In DNA chromatography, a fairly small alkyl group is used as the organic cation.
The most common one is triethylammonium (TEA) cation. To prepare this, acetic
acid is added to triethylamine to make a final solution with a pH of 7. The solid
DNA is redissolved in 0.1-M triethylammonium acetate (TEAA, pH 7) for RP-IP
HPLC with a C18 column as stationary phase and ACN and 0.1-M TEAA water
as the mobile phase. The purification starts with pumping 0.1-M TEAA through the
column until equilibrium is attained. Then the DNA in TEAA is injected and absorbs
to the stationary phase. A gradient of ACN is started. As a typical HPLC gradient, a
linear elution gradient of 10–60 % buffer B (ACN) in buffer A (0.1-M TEAA) forms
over 25 min at a flow rate of 1 mL/min (blue line) (see Fig. 1.5b) [17]. Normally,
a UV-vis detector is equipped with HPLC to monitor the DNA peak at 260 nm and
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the fluorophore/quencher absorbance around 495 nm. First, the “DMT-off” failure
products are desorbed and travel down the column to the detector as the first peak
of red and green lines, as shown in Fig. 1.5b. Then, as the organic solvent content of
the eluent is increased, “DMT-on” target products are desorbed and also travel down
the column to give the second peak. Finally, after all the fragments of interest are
eluted, the column is cleaned of residual material with a final gradient concentration
of high ACN. After this, the eluent is returned to original eluent concentrations, and
the column is conditioned for the next run [30].

In certain cases, instead of a DMT group, a quencher molecule with similar hy-
drophobicity is coupled on the 50-end. By slightly adjusting the gradient according
to each practical situation, the principle and process of HPLC separation is similar
to that with DMT group. Thus, to better separate product with failure DNA, the 50
modification with a hydrophobic quencher is recommended. Sometimes, dual HPLC
is performed as well to obtain high product purity.

After the purified oligonucleotide is dried, the DMT group is removed by
incubation with 80 % acetic acid. The reaction is terminated with ethanol followed
by vacuum drying. The pure oligonucleotide can be quantified by UV absorbance
measurement at 260 nm.

1.5 Characterization of Molecular Beacons

The newly synthesized MB can be characterized by mass spectra and its structure
confirmed by molecular weight. Importantly, MBs can also be characterized accord-
ing to signal-to-background ratio and their thermal denaturation profile [5, 9, 12].

1.5.1 Evaluation of Signal-to-Background Ratio

In order to ensure that an MB will function as expected, the extent to which
its fluorescence increases upon binding to its target should first be measured.
The signal-to-background ratio depends on both the design and the purity of MB
preparation. A poor signal-to-background ratio is the primary cause for the impurity
of MBs, either by the presence of uncoupled fluorophores in the preparation or the
presence of oligonucleotides containing a fluorophore but lacking a quencher.

The signal-to-background ratio of an MB can be determined by using a spec-
trofluorometer. All measurements are taken at the same temperature and buffer
condition as the planned experiment, and the appropriate excitation and emission
source settings are selected for the fluorophore that is used as a label for the
MB. The fluorescence of buffer solution is first determined as Fbuffer. A certain
concentration of MB is added, normally around 50–200 nM, since self-quenching
would be significant at too high concentration. The fluorescence is measured as
Fclosed. Then, fivefold molar excess of oligonucleotide target, whose sequence is
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Fig. 1.6 The illustrative
thermal denaturation profiles
of MBs in the absence of
target (green line), in the
presence of either perfect
target (red line) or
mismatched target (blue line)
(Color figure online)

perfectly complementary to the probe sequence of MB, is added, and the rise in
fluorescence is monitored until it reaches a stable level as Fopen. The signal-to-
background ratio is calculated as (Fopen � Fbuffer)/(Fclosed � Fbuffer). Preferably, the
MBs should have signal-to-background ratios above 20.

1.5.2 Determination of Thermal Denaturation Profiles

Temperature also plays an important role [8, 9, 17]. In order to determine the
window of discrimination, it is important to understand how the fluorescence of
MBs changes with temperature in the absence and in the presence of both perfect
targets and mismatched targets [20]. In the presence of each kind of target, a thermal
cycler is used to monitor the fluorescence of solutions of MBs as a function of
temperature. The temperature of these tubes is decreased from 80 to 10 ıC in 1 ıC
increments, with each hold lasting 1 min, while monitoring the fluorescence during
each hold.

In the absence of targets, as shown by the green fluorescence versus temperature
trace in Fig. 1.6, MBs, at low temperature, can maintain a stable hairpin structure in
the closed (off ) state, where the fluorophore and the quencher are held in close prox-
imity to each other and no fluorescence emits. However, at high temperature, MBs
will extend to become a random-coil configuration, thus separating fluorophore and
quencher, consequently emitting fluorescence. MB melting temperature depends on
the chain length of the stem, GC content, as well as the ionic concentration of the
buffer.

In the presence of targets, MBs have three possible phases: hybridized with a
target, free in the stem-loop conformation, and free as a random coil [20]. As shown
by the red trace in Fig. 1.6, at low temperature, the MB spontaneously binds to
its perfect target, forming a stable hybrid and turning on its fluorescence. With the
gradual increase of temperature, the MB dissociates from its target and returns to
its hairpin structure, significantly diminishing the fluorescence. The temperature
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at which the MB-target hybrid melts apart depends upon the GC content and the
length of the probe sequence. By increasing the temperature, the MB’s hairpin
structure dissolves and is replaced by a random-coil structure. The fluorophore
and quencher then separate, and fluorescence recovers. Meanwhile, the fluorescence
curve of an MB with its mismatched target is shown as the blue trace in Fig. 1.6.
The dissociation temperature of MB and mismatched target is much lower than that
of MB and perfect target.

The thermal denaturation profile establishes the working temperature range of
an MB such that perfectly complementary target-probe hybrids can form, but
mismatched target-probe hybrids cannot. The selectivity potential of a given MB
is also determined by the difference between these phase-transition temperatures.

1.6 Conclusion

While the content of this chapter has presented only the fundamentals of MB design,
synthesis, purification, and characterization, each plays a critical role in ensuring the
production of high-quality MB probes and, subsequently, their implementation in
accurate and reliable assays and applications. Looking ahead, some artificial MBs
have also been designed by replacing natural DNA with special nucleotides, such as
LNA, L-DNA, 2-OMe RNA, or PNA, which can reduce nonspecific interactions and
extend the lifetime in vivo [31–34]. Some MBs have also been designed with super-
quenchers, and some are bioconjugates, being linked to nanomaterials and polymers
[35, 36]. These types of MBs still follow the basic principles discussed and will be
explained in detail in later chapters.
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Chapter 2
Thermodynamic and Kinetic Properties
of Molecular Beacons

Lu Peng and Weihong Tan

Abstract Molecular beacons are widely used for detection of nucleic acids both
in vitro and in vivo. Compared with linear probes, molecular beacons have
shown enhanced sensitivity and specificity primarily due to their stem–loop hairpin
structures. The hairpin structures bring new considerations on thermodynamics and
kinetics for designing of nucleic acid probes. This chapter has been designed to
provide a better understanding of structure–performance relationship of molecular
beacons based on analysis of their thermodynamic and kinetic properties. The
conformational fluctuations of molecular beacons are discussed concerning the
stability and kinetics of the hairpin-coil transformation. In the presence of target
nucleic acids, molecular beacons hybridize with targets to form duplex complexes.
We analyzed the theoretical models and the relevant parameters used to describe
the hybridization reactions. Furthermore, studies on strategies for optimization
of molecular beacon performance are summarized. The systematic analysis of
studies about thermodynamic and kinetic properties of molecular beacons allows
for sophisticated design of better molecular beacons for specific purposes.

2.1 Introduction

Molecular beacons are designed with a target-specific hybridization domain
positioned between two short self-complementary sequences [1]. In the absence
of target, the intramolecular hybridization reaction between the self-complementary
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domains generates a stem–loop hairpin structure and brings the fluorophore into
close proximity with the quencher, resulting in fluorescence quenching. For any
applications using molecular beacons, the best probe performance depends on
design optimization. For example, while high specificity is required to identify
single nucleotide polymorphisms (SNP), real-time study of transient RNA
expression in vitro requires fast hybridization kinetics [2]. Thus, knowledge of
the thermodynamics and kinetics of molecular beacons is a design prerequisite.
During the last several years, many studies have addressed the conformational
fluctuation of molecular beacons and their interactions with targets from the
perspective of thermodynamics and kinetics, and in this chapter, these properties
will be discussed.

2.2 Conformational Fluctuations of Molecular Beacons

Molecular beacons represent a class of hairpin nucleic acid probes with stem–
loop structures. Although the signaling groups (fluorophores and quenchers)
report hybridization events, the performance and function of molecular beacons as
hybridization probes are essentially determined by the thermodynamic and kinetic
properties of hairpin structures. Hairpins are the dominant secondary structure
element in RNA. Certain sequences possess exceptionally high thermodynamic
stability with the ability to determine such biological functions as enzymatic and
anti-RNase activity.

The hairpin structures of molecular beacons are not static. They fluctuate
between different conformations, particularly the open and closed states, as shown
in Fig. 2.1 [3]. As a consequence of base pairing in the hairpin’s stem region, the
closed state has low enthalpy. On the other hand, the open state has high enthalpy
by the large number of configurations that can be achieved by a single-stranded
DNA (ssDNA). Thus, while the transition from the closed state to the open state
requires an energy force great enough to break all the base pairs, collision of the
two hairpin arms is necessary to close the hairpin, followed by the nucleation and
the propagation of base pairing in the stem.

Fig. 2.1 Sketch of the conformational fluctuation of a DNA molecular beacon. The molecular
beacon fluctuates between open and closed states with the rate constants k1 and k2. The fluorophore
(F) and the quencher (Q) are covalently attached to the two arms. Fluorescence is quenched in the
closed state; however, upon target recognition, the hairpin structure is opened, and the MB emits
fluorescence
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2.2.1 Thermodynamics of Hairpins

Enthalpy is a thermodynamic potential, measuring the total energy of a thermo-
dynamic system. The total enthalpy, H, of a system cannot be measured directly.
Thus, change in enthalpy, �H, is a more useful quantity than its absolute value.
�H of a system is equal to the sum of nonmechanical work done on it and
the heat supplied to it. Entropy is the thermodynamic property toward equilib-
rium/average/homogenization/dissipation. That is, the hotter, more dynamic areas of
a system lose heat/energy, while cooler areas (e.g., space) get warmer/gain energy.
Entropy of a system can be measured to determine the energy not available for work
in a thermodynamic process.

Thermodynamic parameters of hairpins, including enthalpies and entropies, are
revealed by melting studies [4–6]. In a typical experiment, the unfolding heat of
a hairpin is measured with a differential scanning calorimeter (DSC). A DNA
solution is scanned against a buffer solution within a certain temperature range,
normalized by the heating rate and a buffer versus buffer scan subtracted and
normalized by the effective number of moles used. Integration of the resulting curve,R

�CpdT, yields model-independent enthalpy, �Hcal. Change in entropy, �Scal, is
obtained by a similar integration,

R
(�Cp/T)dT, and checked against a standard

relationship for intramolecular transitions: �Scal D �Hcal/TM. In the measurement
of these terms, it is assumed that the duplex and random-coil states have similar
heat capacities. The free energy at any temperature T is obtained by the Gibbs
relationship: �G

ı

cal(T) D �Hcal � T�Scal D �Hcal (1 � T/TM) [7].
The free energy of a hairpin can be broken into two parts: the free energy of

forming a loop closed by a single base pair and the free energy for the base-paired
stem of the hairpin. The free energy of the stem can be analyzed with the nearest-
neighbor model for both stacking and base pairing [5, 8]. Therefore, the free energy
for loop formation is determined by subtracting the free energy for stem from those
measured free energy for the hairpin from optical or DSC melting studies.

2.2.2 Factors Affecting the Stability of Hairpins

The stability of a hairpin is characterized by its melting temperature. At the melting
point, the change in Gibbs free energy (�G) of the material is zero, but the
enthalpy (H) and the entropy (S) of the material are increasing (�H, �S > 0). The
melting phenomenon happens when the Gibbs free energy of the liquid becomes
lower than the solid for that material. Accordingly, the relationship between
melting temperature and Gibbs free energy is shown in the following equation:
�G

ı

cal(T) D �Hcal � T�Scal D �Hcal (1 � T/TM). The factors that contribute to the
difference in free energy are also responsible for the stability of hairpins.
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The effect of stem structures on the stability of hairpins can be explained by the
nearest-neighbor model. Briefly, the k-nearest-neighbor (k-NN) algorithm is among
the simplest of all machine learning algorithms: an object is classified by a majority
vote of its neighbors, with the object being assigned to the class most common
among its k-nearest neighbors (k is a positive integer, typically small). If k D 1,
then the object is simply assigned to the class of its nearest neighbor. In our case,
the interaction between bases on the two arms of hairpins depends somewhat on
the neighboring bases. Instead of treating a DNA duplex as a string of interactions
between base pairs, the nearest-neighbor model treats a DNA helix as a string of
interactions between “neighboring” base pairs [9]. As such, the enthalpy (�H

ı

),
entropy (�S

ı

), and free energy (�G
ı

) of duplex annealing in the stem region are
predicted by the nearest-neighbor method and thermodynamic parameters [9, 10].
Stem length and the identity of the nearest-neighbor bases determine the stability of
the stem. The arrows in the example below indicate the nearest-neighbor interactions
in the stem of a hairpin.

The free energy of forming the stem at 37 ıC, �G
ı

37 (stem), is represented as

�G
ı

37.stem/ D �G
ı

37.CG initiation/ C �G
ı
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�
CG

GC

�

C �G
ı
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�
GT
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ı
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�
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�
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ı
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�
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�
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ı
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�
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CT

�
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ı

37.AT initiation/ (2.1)

The first term, �G
ı

37 (CG initiation), represents the free energy of the first base
pair, CG, in the absence of a nearest neighbor. The second term, �G

ı

37 (CG/GC),
includes both the free energy of base pairing, GC, and the stacking interaction of
this base pair with the previous base pair, CG. The remaining terms are defined in a
similar manner. As a general rule, the free energy of stem formation of a hairpin is
calculated by the equation below:

�G
ı

37.stem/ D �G
ı

37.initiation/ C
10X

iD1

ni �G
ı

37.i/ (2.2)

Based on Gibbs relationship, �G
ı

(stem) is also given by

�G
ı

37.stem/ D �H
ı

.stem/ � T�S.stem/ (2.3)
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Table 2.1 Nearest-neighbor
parameters for DNA/DNA
duplexes in 1 M NaCl

�H
ı

�S
ı

�G
ı

Nearest-neighbor
sequence (50-30/30-50) kJ/mol J/(mol � K) kJ/mol

AA/TT �33.1 �92.9 �4.26
AT/TA �30.1 �85.4 �3.67
TA/AT �30.1 �89.1 �2.50
CA/GT �35.6 �95.0 �6.12
GT/CA �35.1 �93.7 �6.09
CT/GA �32.6 �87.9 �5.40
GA/CT �34.3 �92.9 �5.51
CG/GC �44.4 �113.8 �9.07
GC/CG �41.0 �102.1 �9.36
GG/CC �33.5 �83.3 �7.66
Terminal A-T base pair 9.6 17.2 4.31
Terminal G-C base pair 0.4 �11.7 4.05

Reprinted with the permission from Ref. [9]. Copyright
1998, National Academy of Sciences, USA

Values of �H
ı

and �S
ı

have been predicted by nearest-neighbor method for all
the ten possible pairs of nearest-neighbor interactions, as given in Table 2.1, along
with the values of �G

ı

37. The parameters associated with the ten groups of neighbors
shown in Table 2.1 are determined from melting points of short oligonucleotide
duplexes [9]. The parameters calculated with the nearest-neighbor method agree
well with experimental results.

Besides the stem structures, the loop structure, including loop sequences and
loop length, also plays an important role in the stability of hairpins. Traditionally,
the stem of a nucleic acid hairpin is regarded as a highly structured helix and the
loop as a disordered coil. The thermodynamic stability of hairpins was attributed
to the stem sequence. Single-stranded loops were assumed to destabilize the folded
hairpin structure in an entropic manner based on the length of loops [11]. Thus,
DNA hairpins with loop length of four to five residues were found to have maximum
stability [12, 13], whereas early studies showed that RNA hairpin loops with six to
seven nucleotides have highest stability [14]. These results correlated well with a
simple structural principle [13]: that the steric hindrance effect for the folding of
hairpin is mainly caused by the fact that the loop bridges the gap between the two
complementary opposite sides of the stem. The enthalpy of DNA hairpin formation
reaches a minimal value for loops of four to five nucleotides. On the other hand,
the melting temperature decreases at increasing loop size based on the unfavorable
entropy effect of loop formation [13]. Loop sequence has less effect on loop stability
than its length. For DNA hairpins sharing the same stem, but with different 4-base
loops, the order of stability was T loop > C loop > G loop > A loop, and the largest
difference in melting temperature was 5–6 ıC between the most stable T loop and
least stable A loop [15].

In addition to the effect of stem and loop structures on the stability of hairpins,
metal ions, such as NaC and Mg2C ions, are also essential in stabilizing the
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folded hairpins through electrostatic interactions. Salt-dependent correction terms
for the thermodynamic parameters of nucleic acid hybridization have been obtained
from both experimental data [16, 17] and theoretical modeling [18, 19]. The salt
dependence of hairpin stability has also been addressed [20].

2.2.3 Kinetics of Conformational Fluctuations of Hairpins

Kinetics studies have been conducted on the process of double-helix formation
of RNA and DNA [21, 22]. Because of the fast kinetics of helix formation, a
rapid kinetics approach is required. Using a laser or a capacitor to rapidly heat
the water, the temperature jump (T-jump) method has been widely employed
[23–25]. Controlled by a thermostatted bath, temperature jump is a perturbation
method in which the system starts at equilibrium at a certain temperature (Tinit)
and ends at equilibrium at a higher temperature (Tfinal) [26]. Methods of duplex
detection include absorbance, as well as fluorescence, optical activity, scattering,
and conductivity. The relaxation of the system (� ) going from Tinit to Tfinal is
observed. In the open-to-closed transition of hairpin,

coil
k1

�
k�1

hairpin

the observed relaxation rate, 1/� , is given by the equation [3]

1

�
D k1 C k�1 (2.4)

To extract k1 and k� 1 from � , the equilibrium constant for the helix–coil
transition, it is necessary to determine K by the optical or melting method. The
relationship is given by:

K D k1

k�1

(2.5)

Combining Eqs. (2.4) and (2.5), both closing and opening rate constants can
be solved. By study of fluorescence quenching using fluorescence correlation
spectroscopy (FCS), it was found that closing rates depend on the sequence and
length of the loop [3]. The results were confirmed by the laser T-jump method
[23] and agreed well with a semiflexible polymer model [25]. A deviation from
Arrhenius kinetics, i.e., the rate of a chemical reaction, was found in studies of
Förster resonance energy transfer (FRET) fluctuations in DNA hairpins [27, 28].
Here, while the opening rate depends on the unzipping energy of the hairpin, it is
essentially independent of loop characteristics, irrespective of loop size, sequence,
and NaCl concentration [3].
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2.3 Hybridization Thermodynamics and Kinetics
of Molecular Beacons

2.3.1 Thermodynamics

Hybridization assays with sequence-specific oligonucleotide probes are commonly
used techniques for the identification of complementary strands and the detection
of genetic mutations and polymorphisms. However, linear oligonucleotide probes
have limited abilities in cases where detection of single nucleotide polymorphism
(SNP) is required. Specifically, an energy penalty is applied for any mismatched
base pairs which destabilize the double helix. However, if the duplex is sufficiently
long, the free energy penalty from a single-base mismatch becomes negligible [29].
Therefore, the mismatched base pair only minimally affects the stability of the
resulting duplex. It is often necessary to use proteins or other chemicals to assist
in the identification of mismatched base pairs [30, 31].

During the last two decades, the emergence of molecular beacons, which are
stem–loop probes, has greatly improved our capabilities in the analytical, biochem-
ical, and biomedical fields. Compared with linear nucleic acid probes, one of the
most attractive features of molecular beacons is enhanced specificity by the ability
to form a stem–loop structure. The hairpin structure enables molecular beacons
to discriminate between targets with even a single nucleotide. The competition
between the formation of unimolecular hairpin and the probe–target hybridization
reduces the probability of mismatched hybridization events from the relatively low
stability [32–34].

2.3.1.1 Determination of Thermodynamic Parameters

As shown in Fig. 2.2, linear nucleic acid probes have two possible states with
their targets: linear probe–target duplex and random coil. In contrast, molecular
beacons in solution with their targets can have at least three distinct states: molecular
beacon–target duplex (phase 1), stem–loop hairpin (phase 2), and random coil
(phase 3) [2, 35].

Following Bonnet et al. [36] and Tsourkas et al. [2], the dissociation constant
K2–3 corresponding to the transition between stem–loop hairpin and random coil is
given by:

K2�3.�/ D
�

F � ˇ

� � F

�

(2.6)

where F is the fluorescence intensity at a given temperature � , ˇ is the fluorescence
of molecular beacons in the hairpin form (obtained at low temperatures, such as
10 ıC), and � is the fluorescence of molecular beacons in the random-coil form
(obtained at high temperatures, such as 80 ıC) in the absence of targets [36]. Based
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Fig. 2.2 Phase transitions of molecular beacons with targets in solution. Phase 1: fluorescent
molecular beacon–target duplex; phase 2: nonfluorescent stem–loop hairpin; and phase 3: fluo-
rescent random coil

on the Gibbs relationship,

�G
ı

2�3 D �H
ı

2�3 � ��S
ı

2�3 (2.7)

and the relationship between free energy and equilibrium constant,

�Go
2�3 D �RT lnK2�3.�/ (2.8)

fluorescence and temperature can be correlated by

Rln

�
F � ˇ

� � F

�

D ��H
ı

2�3

1

�
C �S

ı

2�3 (2.9)

where R is the gas constant (1.9872 cal mol�1 K�1), T is the temperature in Kelvin,
and �H2–3 and �S2–3 are the changes in enthalpy and entropy in the transition,
respectively, which are determined by fitting the fluorescence–temperature data into
a straight line using this equation.

The thermodynamic parameters for the transition from a molecular–target duplex
(phase 1) to a stem–loop hairpin (phase 2), �H

ı

1�2 and �S
ı

1�2, were determined by
fluorescence measurements of the thermal denaturation profiles in the presence of
targets at different concentrations. At the melting temperature of the duplex (�m),
the concentration of molecular beacons in the hairpin form (Mhairpin) equals the
concentration of the probe–target duplex (MT). Therefore, based on the equation

K1�2 D ŒMhairpin�ŒT �

ŒMT �
(2.10)
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K1–2 D Tm D T0 � 0.5M0, where Tm is the concentration of free target and T0 and
M0 are the initial concentrations of targets and molecular beacons, respectively.
The thermodynamic parameters �H

ı

1�2 and �S
ı

1�2 can be determined by fitting
the concentration-melting temperature data into a straight line using this equation,
which establishes the relationship between melting temperature and the thermody-
namic parameters, �H

ı

1�2 and �S
ı

1�2:

RlnK1�2 .�m/ D Rln .T0 � 0:5M0/ D ��H
ı

1�2

1

�m

C �S
ı

1�2 (2.11)

The dissociation constant K1–2 characterizing the transition between molecular
beacon–target duplex and the stem–loop hairpin can be determined from the
fluorescence data obtained by the melting measurements of molecular beacons in
the presence of target [36], by the equation

K1�2.T / D .˛ � F /T0

.F � ˇ/ C .F � �/K2�3

(2.12)

where ˛ is the fluorescence intensity of molecular beacon–target duplex at low
temperatures such as 10 ıC, and F and ˇ are the same as above mentioned in
Eq. (2.6).

Equilibrium states of molecular beacons in the presence of targets can be
significantly influenced by the probe (loop) length. For example, Tsourkas et al.
found that both �H

ı

1�2 and �S
ı

1�2 increase when probe length increases from 17
to 19 bases for a molecular beacon with a five-base stem. It was also found that the
stem length of a molecular beacon had greater effect on its equilibrium state than the
loop length [2, 37]. The effect of mismatched base pairs on the equilibrium states of
molecular beacons was also studied [2, 36]. The target with single-base mismatches
showed a less favorable binding with molecular beacons. Furthermore, a centrally
positioned mismatch had a greater impact on equilibrium than a terminal mismatch
in the probe domain of a molecular beacon [2, 36].

2.3.1.2 Melting Temperature

The stability of probe–target duplex is expressed in terms of melting temperature.
To demonstrate the effect of molecular beacon structure on melting behavior of
the probe–target duplex, the melting temperature was studied by varying the loop
and stem structures. Tsourkas et al. found that melting temperature increased with
probe length. Stem length also had the same effect on melting temperature [2]. For
three molecular beacons, each having 17 bases in the loop domain, the melting
temperature decreased by 7.8 ıC when the stem length was increased from four
to six. Moreover, when probe length was shorter, stem length was observed to have
a relatively greater impact on melting temperature.



28 L. Peng and W. Tan

Table 2.2 Melting
temperatures for the
dissociation of a perfectly
complementary probe–target
duplex (first entry),
probe–target duplexes
containing different
mismatched base pairs at the
same position (next three
entries), and probe–target
duplexes containing the same
mismatched base pair at
different positions (last nine
entries)

Mismatch Position (n) �m (ıC)

T-A 0 42
A-A 0 27
C-A 0 23
G-A 0 28
G-A �4 30
G-A �3 29
G-A �2 30
G-A �1 29
G-A 0 28
G-A C1 29
G-A C2 29
G-A C3 29
G-A C4 31

Reprinted with the permission from
Ref. [36]. Copyright 1999, National
Academy of Sciences, USA

The presence of mismatched bases also has a significant effect on the melting
temperature of molecular beacon–target duplex. As shown by Bonnet et al. in
Table 2.2, single-base mismatches greatly reduce the melting temperature of the
probe–target duplex by more than 10 ıC [36]. However, the position of the
single-base mismatches did not have any impact on the stability of the probe–
target duplex, which was consistent with the prediction made using an all-or-none
mechanism whereby an action potential occurs fully or not at all [38]. The identity
of the mismatched base pairs also had no appreciable impact on the melting
temperature.

The melting temperature of probe–target duplex may also be influenced by the
fluorophore–quencher pairs. It is well known that most fluorophores and quenchers
used to label molecular beacons contain hydrophobic functional groups. When
labeled at the ends of molecular beacons, fluorophore–quencher pairs can have
hydrophobic interactions if they are in the close proximity. Marras et al. reported
an increase of 3 ıC in the melting temperature of linear probe–target duplex for
Fluorescein–Dabcyl pair and 5 ıC for Cy3–Dabcyl pair [39]. A similar effect
was observed by Tsourkas et al. [2]. Compared with the values predicted using
nearest-neighbor methods, as defined above, an increase of the observed melting
temperature was reported.

2.3.1.3 Specificity of Molecular Beacons

Generally, probe specificity is expressed by the difference in melting tempera-
ture ��m between the duplex of probe-perfect target and the duplex of probe-
mismatched target. For molecular beacons, it has been found that longer stem length
results in an improved ability to distinguish between wild-type and mutant targets
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over a broader range of temperatures [2, 37]. Molecular beacons with longer stems
have better stability in the stem–loop conformation and smaller difference in free
energy between closed state and molecular beacon–target duplexes. This generates
a reduced binding affinity between single-base mismatched targets and molecular
beacons. Tsourkas et al. calculated the fraction of molecular beacon–target duplex
at different temperatures for molecular beacons with stems of different lengths
and found that ��m increased with the stem length, as shown in Fig. 2.3a [2].
To further evaluate stem length relative to the specificity of molecular beacons in
discriminating wild-type and mutant targets, the difference in fraction of probe–
target duplex is analyzed. As reported by Tsourkas et al. and shown in Fig. 2.3b
below, molecular beacons with 6-base stems were able to discriminate targets over
a broader range of temperatures. It was also demonstrated by Tsourkas et al. that
molecular beacons with longer probe length had lower specificity.

Specificity and affinity are two major factors that determine the efficiency of
nucleic acid probes. In general, sequence specificity and binding affinity of nucleic
acid probes are negatively correlated with each other [40, 41]. Figure 2.4 shows the
fraction of correct and mismatched complexes for different binding affinities of an
oligonucleotide probe. In the graph, a window can be determined where both high
affinity and high specificity can be realized. Beyond this window, the specificity
decreases, as binding affinity increases. However, because the window of optimal
conditions is quite narrow for linear probes, it is highly desirable to find ways to
enlarge the optimal range.

Compared with linear probes, one of the most significant advantages of molecular
beacons is the higher specificity with which they recognize target sequences [2, 36,
37, 42–44]. The enhanced specificity of molecular beacons is attributed to the three-
phase transition of molecular beacons upon interaction with targets, whereas linear
nucleic acid probes have only two possible phases: probe–target duplex and random
coil. Molecular beacons are capable of forming a hairpin structure that is weaker
than the duplex with a correct target, but stronger than the duplex with a mismatched
target, as shown in Fig. 2.5 [40, 45, 46].

The enhanced specificity of molecular beacons compared with linear probes can
be evaluated by the difference in the complex fraction between probe-wild-type
target and probe-mutated target, �˛ D ˛WT � ˛target B [2, 47]. Compared with linear
probes, all molecular beacons with different stem and probe lengths demonstrate an
improved ability to discriminate mismatched target (Fig. 2.6). Molecular beacons
can not only discriminate between wild-type and mutant targets over a broader range
of temperatures, but also maintain a larger difference in fraction of bound molecular
beacons between wild-type and mutant targets.

The free energy diagram was also employed to explain the enhanced specificity
of molecular beacons [36, 40]. Figure 2.7 shows how molecular beacons can
widen the range of optimal conditions for affinity and specificity. In the free
energy diagram plotted as a function of temperature, linear probes have an optimal
temperature range of �� , whereas molecular beacons have a much wider range
of �� 0. The range is also shifted to lower temperatures where the correct probe–
target duplex is more stable. Since molecular beacons are constrained polymers
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Fig. 2.3 (a) Melting curves for molecular beacons hybridizing to wild-type target (solid line) and
target B (dashed line) and (b) the difference in the fraction of molecular beacons bound to wild-
type target and the fraction of MBs bound to mutant target B. Molecular beacons have a probe
length of 17 bases and stem lengths of 4, 5, and 6 bases (Reprinted with the permission from Ref.
[2]. Copyright 2003, Oxford University Press, Inc.)
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Fig. 2.4 Equilibrium binding of an oligonucleotide probe to correct and mismatched DNA or
RNA targets as a function of their binding affinity (Reprinted from Ref. [40], Copyright 2004, with
permission from Elsevier)

Fig. 2.5 Free energy diagram of hybridization. (a) A classical denatured probe of 15 bases; the
two arrows correspond to the hybridization with a perfect matched target or a one-base-mismatched
target. In both cases, complete hybridization takes place, as the free energies are negative. (b) A
molecular beacon with a loop of 15 bases and a stem of 13 base pairs; in this case, the beacon
hybridizes to its perfect matched target (negative free energy), but not to the one-base-mismatched
target. The free energy values are calculated according to Eqs. (2.7) and (2.8) found in Sect. 2.3.
A schematic of the molecular beacon is shown on the right (Reprinted from Ref. [45], Copyright
1999, with permission from Elsevier)

that undergo a greater reorganization than unstructured probes upon formation of
probe–target duplexes, they have a better ability to sense a mismatch. Similarly, all
conformationally constrained probes should display higher specificity in molecular
recognition than unstructured probes.
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Fig. 2.6 The fraction of molecular beacons compared to the fraction of linear probes bound to
wild-type target and mutant target B (Reprinted with the permission from Ref. [2]. Copyright
2003, Oxford University Press, Inc.)

Fig. 2.7 Free energy of the
three phases of a solution of
molecular beacons in
equilibrium with target
oligonucleotides. The
equation of each line is
�G D �H � ��S. Straight
lines indicate the free energy
of a molecular beacon (curve
2), a linear probe (curve 3),
and its duplex complexes
with correct (curve 1p) and
mismatched (curve 1M)
targets (Reprinted with the
permission from Ref. [36].
Copyright 1999, National
Academy of Sciences, USA)

2.3.1.4 Dynamic Range and Detection Limit

Upon target binding, the three-phase transition of molecular beacons yields different
signaling states, and the nonbinding, nonsignaling state is shifted toward the
binding, signaling state. Although a larger signal change is induced when the
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equilibrium constant is shifted toward the nonbinding state because of the lower
background, such signal also reduces the affinity because of a larger conversion of
free energy. Thus, similar to other biomolecular switches, the MB’s dynamic range
and detection limit can be tuned by changing its thermodynamics [48, 49].

As reported by Vallée-Bélisle et al. the three-phase transition model is used to
predict the relationship between switching thermodynamics and observed affinities
KD

obs by the equation below:

Kobs
D D K int

D

�
1 C Ks

Ks

�

(2.13)

where K int
D is the intrinsic affinity of the molecular beacon–target duplex and Ks is

the switching equilibrium constant from closed hairpin state to random coil [50].
It was found that shifting the equilibrium constant toward the nonbinding state by
ten times also increased the dynamic range by ten times which could be done by
substituting one A-T with G-C pair in the stem. The upper limit of the dynamic range
of concentration could be increased by shifting the equilibrium constant toward
the nonbinding state. However, the lowest limits (detection limit) are reached at
intermediate values of Ks.

2.3.2 Kinetics of Molecular Beacons

The structure of molecular beacons significantly impacts the thermodynamic prop-
erties of the molecular beacon–target system, including melting temperature and
specificity. Similarly, the kinetics is also influenced by the structure of molecular
beacons. For example, longer stems result in slower hybridization kinetics of
molecular beacons with target, while molecular beacons with longer loops show
larger kinetic constants.

Kinetics information can be obtained by fluorescence measurements [2, 37,
51, 52]. In the analysis of the hybridization kinetics, the association of two
oligonucleotides is a second-order reaction, whereas the dissociation is first order,
and the reaction can be expressed by the following equation [2]:

B C T
k1

�
k2

D

dŒD�

dt
D k1ŒB�ŒT � � k2ŒD� (2.14)

where [B], [T], and [D] are the concentrations of molecular beacon, target, and
molecular beacon–target complex, respectively, and k1 and k2 are the rate constants
of formation and dissociation of the molecular beacon–target complex, respectively.
The solution of the equation is
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where � D
q

.B0 C T0 C K12/2 � 4B0T0,
�
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2

.B0 C T0 C K12 � �/,

� D �
Deq

�2
=B0T0, and K12 D k2=k1 is the dissociation constant of the molecular

beacon–target duplex. Based on the all-or-nothing assumption, fluorescence inten-
sity of the molecular beacon–target system is proportional to the concentration of
molecular beacon–target complex. Thus it can be assumed that

ŒD.t/�
�
Deq

� D F.t/ � F0

Feq � F0

(2.16)

where F(t) is the fluorescence intensity at time t, F0 is the initial fluorescence
intensity, and Feq is the fluorescence intensity at equilibrium. The rate constants
k1 and, subsequently, k2 D K12k1 were obtained using two methods. Two different
curve-fitting methods can be used to obtain the on-rate k1 and off-rate k2. One
method uses a nonlinear least-square method to fit fluorescence data directly to
Eq. (2.15). The second method fits the data to a logarithmic form of Eq. (2.15)
with a straight line (the slope is k1), as shown in this equation:
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�
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�
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�

� k1 t (2.17)

In the example given by Tsourkas et al. the normalized fluorescence restoration
was monitored as a function of time after introduction of targets with 17 bases in the
loop and four, five, and six bases in the stems. The on-rate constants of molecular
beacons with stems and loops of different lengths are plotted and compared.
Results showed that molecular beacons always had smaller on-rate constants and
that a decrease of stem length significantly increased the on-rate constants. For
molecular beacons with 17 bases in the loop, the on-rate constant decreased ten-
fold when the stem length increased from 5 to 6 bases. Moreover, the probe
length can also influence the on-rate constant. Generally, longer probes had faster
hybridization kinetics, and this effect was greater for molecular beacons with longer
stems.

Different methods have been used to investigate the kinetic properties of
DNA hybridization by measuring comparable hybridization/dehybridization rate
constants over a wide range of temperature. Based on the results obtained by
Chen et al. and Tsourkas et al. a three-step mechanism was proposed to explain
the kinetics of hybridization between molecular beacons and targets, as shown in
Fig. 2.8b [2, 53, 54]. In the first step, similar with the case of linear probes, the target
gets into the close proximity of the probe domain of the hairpin molecular beacon
through formation of a few base pairs into a transient intermediate called a nucleus.
In the second step, the stem opens along with the formation of more base pairs
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Fig. 2.8 Schematic view of the profiles of potential energy (solid line) and free energy at high
temperature (dotted line) and low temperature (dashed line), as a function of reaction progress
coordinate for hybridization of random-coil DNA (a and c) and molecular beacon (b and d)
(Reprinted with the permission from Ref. [54]. Copyright 2007, Oxford University Press, Inc.)

between molecular beacon and target. In the third step, the complete hybridization
is achieved after the formation of the remaining base pairs. The rate-limiting step is
the first and second step, while the third step is much faster.

Based on standard chemical kinetic theory, a metastable intermediate exists in
the rate-limiting step indicated by a negative activation energy for linear probes as
shown in Fig. 2.8a [54]. Furthermore, as shown in Fig. 2.8c, at high temperatures,
the rate-limiting step is the nucleation of the first few base pairs represented
by a negative activation energy. However, at low temperature, the rate-limiting
step switches to the diffusion controlled reaction [55, 56]. Compared with the
hybridization of linear DNA probes, the hybridization of molecular beacon with
target has to overcome one more energy barrier represented by the opening of
the hairpin stem (Fig. 2.8b). This free energy barrier decreases as the temperature
increases. Therefore, the rate-limiting step switches from the opening of stem to
nucleation at high temperatures, as shown in Fig. 2.8d.

In addition, molecular beacons with short stems possess faster binding kinetics
with target, while longer stems give a higher energy barrier, resulting in a smaller
rate constant in the hybridization process. Molecular beacons with long stems and
short probes also show on-rate constants which depend on the probe length because
the energy gain in the hybridization of probes barely compensates for the cost for
opening the stems.
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Fig. 2.9 Kinetic responses
of molecular beacons upon
hybridization to targets at
25 ıC in 20 mM Tris–HCl
buffer (pH 8.0) containing
MgCl2 at different
concentrations: 1 (�), 2.5 (ı),
5(N), 10 (�), and 50 mM (♦)
(Reprinted with the
permission from Ref. [42].
Copyright 2002 American
Chemical Society)

2.3.3 Effect of Buffer Conditions on Molecular Beacons

The majority of studies reporting on DNA hybridization were performed in water.
Buffer composition has a profound impact on probe performance. Since DNA
is a polyanion, it has been reported that a faster hybridization rate could be
obtained by increasing the salt concentration [55, 56]. Studies have also reported
on DNA hybridization in different organic solvents. McConaughy et al. reported
that formamide could accelerate DNA hybridization [57]. It was also reported by
Kohne et al. that a water-phenol two-phase system increased the hybridization rate
by interfacial adsorption and diffusion [58].

Salt concentration also has an important effect on the hybridization of molecular
beacons with targets. Kuhn et al. demonstrated that molecular beacons respond
differently to different salt concentrations [42]. Figure 2.9 shows the normalized ki-
netic responses of molecular beacon–target hybridization at different concentrations
of MgCl2. It can be seen that molecular beacons hybridize faster with their targets at
higher salt concentrations. Yao et al. [59] reported on the use of immobilized molec-
ular beacons for DNA analysis and observed no fluorescence change in the absence
of MgCl2, suggesting that MgCl2 is required for the hybridization of the MB with
its target DNA. The fluorescence intensity of an immobilized MB was found to
decrease with the increase of MgCl2 concentration from 3 to 200 mM. However,
while the fluorescence of the MB–cDNA was enhanced when the MgCl2 concentra-
tion was increased from 0 to 100 mM, the fluorescence intensity of MB–cDNA was
decreased when the MgCl2 concentration was further increased to 200 mM.

Systematic studies of the effects of different solvents on molecular beacon
performance were also carried out. Dave et al. demonstrated DNA detection in
nine different organic solvents, each varying up to 75 % (v/v). Compared with
DNA detection in water, there are several important features for detection in organic
solvents. First, hybridization of the molecular beacon with its target DNA happened
in solvent systems containing all nine solvents up to a certain percentage. Second,
the hybridization kinetics in most organic solvents was significantly faster than that
in water. For example, as shown in Fig. 2.10, the hybridization rate of molecular
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Fig. 2.10 Kinetics
of molecular beacon
hybridization in 300 mM
NaCl and 10 mM HEPES,
pH 7.6, with different ethanol
percentages (Reprinted with
the permission from Ref.
[91]. Copyright 2010
American Chemical Society)

beacon with target was enhanced by 70 times in solution with 56 % ethanol. Third,
the ability to discriminate single-base mismatch was still maintained in the organic
solvent for molecular beacons. Finally, the melting temperature of the molecular
beacon–target duplex decreased as the percentage of organic solvents increased.

2.3.4 Optimization of Selectivity and Kinetics
of Molecular Beacons

Excellent selectivity is a direct result of hairpin structure and stands out as a
major advantage compared to linear probes. Selectivity can be readily improved
by optimizing the structure of molecular beacons [2, 44]. From the thermodynamic
point of view, the simplest way to improve specificity is to increase the number of
base pairs or the G-C content in the stem region. However, although a more stable
stem is beneficial to the specificity of molecular beacons, it hinders hybridization
kinetics [2]. On the other hand, molecular beacons with short stems have faster
hybridization kinetics and improved target affinities, but suffer from a lower signal-
to-background ratio and selectivity. The impact of probe length on the behavior
of molecular beacons is less significant than that of stem length. Therefore, the
selection of the optimal molecular beacon for a specific application appears to be
difficult, and a compromise must be found between higher selectivity and faster
hybridization. In general, the stem contains about five to seven base pairs, while the
loop has 15–25 bases.

Both selectivity and hybridization kinetics are significantly affected by tem-
perature. Therefore, temperature should be considered as an important external
factor for designing molecular beacons for certain applications. Higher temperatures
drive the opening of molecular beacons to form random coils, generating high
background. In order to improve the performance of molecular beacons, especially
for applications with relatively high temperatures, alternative strategies have also
been developed. First, different from the traditional design of using target-irrelevant
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stem, a shared-stem design has been utilized [37]. For this type of molecular beacon,
one arm of the stem participates in both stem formation of the closed hairpin and
the target hybridization of the opened conformation. This design should be able to
improve FRET efficiency based on restricted movement of the dye linked with the
shared arm [60]. It also results in higher melting temperatures, as indicated by the
thermodynamic studies [37].

Second, different types of synthetic nucleic acids were used to create molecular
beacons. For live-cell RNA imaging applications, phosphorothioate DNA [61],
20-O-methyl RNA [47, 62], 20-O-methyl RNA/DNA chimeras [63], peptide nucleic
acid (PNA) [42], and locked nucleic acid (LNA) [64, 65] have been employed to
construct molecular beacon probes. Nucleic acid affinity for RNA is ranked from
highest to lowest: LNA, PNA, 20-O-methyl RNA, RNA, and DNA [66–68]. At
first glance, high-affinity probes, by their high melting temperatures, may result
in a corresponding high degree of nonspecific hybridization at 37 ıC. However,
compared with studies performed in solution with high free ion concentrations,
studies carried out with fewer ions in the intracellular environment [69, 70]
may result in melting temperatures with less effect on hybridization. Therefore,
specificity could still be maintained for high-affinity probes in live cells. Tsourkas
et al. performed a detailed study of 20-O-methyl and 20-deoxy molecular beacons
in the presence of RNA and DNA targets and found improved stability for 20-
O-methyl/RNA duplex accompanied with faster hybridization kinetics [51]. Since
LNA–DNA hybridization is stronger than DNA–DNA hybridization, it has also
been reported that LNA-molecular beacons are more selective than DNA molecular
beacons [71, 72]. As reported by Wang et al. the LNA-MBs remained in a hairpin
structure even at 95 ıC and had a capability for single nucleotide polymorphism
(SNP) detection superior to that of DNA molecular beacons [73].

2.3.5 Surface-Immobilized Molecular Beacons

Microarray technology has made profound contributions to the field of molecular
biology with various applications, including pathogen detection, disease diagnos-
tics, gene expression profiling, and drug discovery [74–77]. Surface immobilization
of DNA probes allows spatially multiplexed detection, which dramatically accel-
erates many types of investigation. Compared with linear nucleic acid probes,
surface-immobilized molecular beacons possess better specificity and higher signal-
to-background ratio.

Comparative studies of DNA hybridization in solution and on solid-solution
interface have been performed to analyze the differences in thermodynamic and
kinetic properties [78, 79]. It was revealed that hybridization on the solid-solution
interface was significantly slower than solution phase and that the hairpin structures
in molecular beacon probes further slowed down the hybridization kinetics. More-
over, the traditional model describing the hybridization process in solution phase
was not applicable on the solid-solution interface.
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In fact, the hybridization of nucleic acid probes with their targets is significantly
affected by many factors, such as surface strand density [80], surface charge [81],
brush effect [82], point mismatch [83], DNA length [84], and flatness of the
substrate [85]. These factors make it necessary to consider the surface interactions
between molecular beacons and their targets which are different from those in
solution, such as interfacial concentration gradient, probe–interface interactions,
and steric hindrance. For example, surface electrostatic interactions greatly affect
the binding of surface-immobilized probes with their targets. Nucleic acid targets
can be repelled or attracted to the surface depending on the charge of the surface
material. Electrostatic repulsion between nucleic acid targets and the surface can
block hybridization events. Similarly, steric hindrance caused by increasing probe
densities on the surface can further reduce the hybridization efficiency of surface-
immobilized probes from repulsive electrostatic interactions.

In general, surface-immobilized molecular beacon probes exhibit lower sensitiv-
ities compared with those in solution. The lower sensitivity is partially attributed to
the inefficient quenching of the molecular beacons on the surface caused by their
nonspecific interactions with the supporting materials. These interactions tend to
destabilize the hairpin structures of molecular beacons. Glass has been widely used
as a solid support for the immobilization of MBs [59, 86]. Unfortunately, glass
suffers from interfacial effect of static charging which partially opens molecular
beacons, resulting in high background signals for the immobilized molecular
beacons in the absence of targets. Molecular beacons have also been immobilized
on porous surfaces using hydrogel films, which create a solution-like environment
[87]. However, the gel network slows down the hybridization process by restricted
transport of targets. Gold surfaces have also been employed as substrates for
immobilization of molecular beacons as a consequence of the easy chemistry
linkage, as well as the fluorescence quenching ability, of gold [88, 89]. However,
nitrogen-based functional groups on DNA bases can be nonspecifically adsorbed
to the gold surfaces through chemical adsorption [88]. Another issue concerning
molecular beacons immobilized on gold surfaces is the nonuniform distribution of
probes which affects sensitivity, specificity, and kinetics [88, 90].

2.4 Summary

Molecular beacon probes with high specificity and sensitivity have become an
important tool in biomedical and bioanalytical studies. The advantages of molecular
beacons are attributed to the flexible stem–loop hairpin structures. The conforma-
tional fluctuations of molecular beacons in the absence of targets can be described
using the equilibrium between the open and closed states. In the presence of targets,
the interaction between molecular beacons and targets is characterized by a three-
phase model: hybridized with a target, free in the stem–loop conformation, and
free as a random coil. The thermodynamics and kinetics of molecular beacons are
mainly determined by their hairpin structures and sequences, but can be equally
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affected by many other factors, such as temperature, salt concentration, solvents,
and probe–surface interactions. To optimize the performance of molecular beacons,
factors that affect affinity, specificity, and kinetics must be considered and a probe
design and experimental conditions carefully chosen on the basis of the purpose of
different applications.
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Chapter 3
Application of Molecular Beacons
in Real-Time PCR

Chunming Wang and Chaoyong James Yang

Abstract Real-time PCR or quantitative PCR (QPCR) is a powerful technique that
allows measurement of PCR product while the amplification reaction proceeds.
It incorporates the fluorescent element into conventional PCR as the calculation
standard to provide a quantitative result. In this sense, fluorescent chemistry is the
key component in QPCR. Till now, two types of fluorescent chemistries have been
adopted in the QPCR systems: one is nonspecific probe and the other is specific.
As a brilliant invention by Kramer et al. in 1996, molecular beacon is naturally
suited as the reporting element in real-time PCR and has been adapted for many
molecular biology applications. In this chapter, we briefly introduce the working
principle of QPCR and overview different fluorescent chemistries, and then we
focus on the applications of molecular beacons-like gene expression study, single-
nucleotide polymorphisms and mutation detection, and pathogenic detection.

3.1 Introduction

Soon after MBs were first introduced, they found important application in real-time
PCR [1, 2], which requires prompt signal production with high specificity. In this
chapter, some basic principles of real-time PCR are discussed, and the applications
of MBs in single-nucleotide polymorphisms (SNPs) genotyping and pathogenic
detection are summarized.
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3.2 Basic Principles of Real-Time PCR

The emergence of polymerase chain reaction (PCR) has enabled the amplification
of one or many copies of DNA isolated from cell, tissue, or blood samples,
subsequently sparking a revolution in biology. Nonetheless, standard PCR is only
designed for positive recognition of the amplicons. Post-PCR analysis should be
performed in order to characterize both the size and sequence of the product. A DNA
gel electrophoresis to measure the size and the quantity of the amplicon is simple
and inexpensive. However, it is not easy to discriminate among different amplicons
having similar size by gel. Also, gel is not accurate enough to assess the starting
target by visualizing the final PCR product with nucleic acid intercalating dyes,
although, to some extent, more initial target leads to more PCR product. This can
be explained by studying the kinetics of PCR [3].

A conventional PCR usually consists of three phases: exponential, nonexponen-
tial, and plateau. At the beginning, all the reagents are sufficient to guarantee good
PCR efficiency, and amplification occurs in an exponential manner, with the initial
DNA doubling after every cycle. As the cycles progress and reagents are consumed,
the reaction starts to slow down. At this point, the PCR product is no longer doubled
in every cycle, and nonexponential amplification dominates. Finally, after another
several rounds of amplification, the PCR reaction no longer generates templates
as a result of the lack of critical components in the reaction. This is commonly
known as the plateau phase, or end point, of the PCR reaction [4]. In this sense, the
final yield of PCR product is not primarily dependent on the target sequence in the
sample.

Real-time PCR, which combines amplification and quantification of a target
DNA molecule in a single assay, is now a routine and robust technique in molecular
biology. By detecting the products generated every cycle in a “real-time mode”
at the early exponential phase, real-time PCR can differentiate the three stages
and also save time since it is not necessary to wait until the reaction terminates.
Real-time PCR allows the PCR product to accumulate during every cycle to allow
measurement through different fluorescent chemistries.

3.3 Fluorescent Measurements for Real-Time PCR

There are generally two types of measurements to acquire the fluorescent signal
from the PCR product. The first type relies on DNA binding dyes, such as SYBR
Green I, which binds nonspecifically to double-stranded DNA (dsDNA) and emits
an enhanced fluorescence [5]. The other type is a probe-based approach. These
probes are sequence specific, and most of them use fluorescence resonance energy
transfer (FRET) as the reporting mechanism [6] and use the 50-exonuclease activity
of the DNA polymerase [7] to detect PCR amplification in real time.



3 Application of Molecular Beacons in Real-Time PCR 47

SG I floats free when DNA is 
denatured.

SG I binds to dsDNA products at the 
end of each cycle.

Fig. 3.1 A schematic of the working principle of SG I in real-time PCR

3.3.1 DNA Intercalating Dyes, SYBR Green I (SG I)

SG I shows a low fluorescence background when it is free in solution, while the
fluorescence signal could increase up to 1,000-fold once it binds dsDNA (Fig. 3.1).
This works universally for all dsDNA. Thus real-time PCR that utilizes SG I as
reporter [5] is the most straightforward method by eliminating the complicated
design of specific probes and reducing the cost of both time and money. As the
PCR proceeds, more amplicons accumulate; accordingly, more SG I molecules are
bound. The change in fluorescence can then be monitored using a thermocycler
equipped with fluorescence detector. In other words, the fluorescence intensity is
proportional to the amount of PCR products.

However, since SG I recognizes dsDNA in a nonspecific manner, nonspecific am-
plification products cannot be differentiated. Optimization of primers and template
is therefore essential. First, the primers should be designed to generate amplicons
with a suitable length (normally, 100–400 bp). Second, the concentration of primers
should not be too high in order to achieve a high ratio of specific amplification
versus primer-dimer signal. Third, the template should not include complicated
secondary structures because this would contribute to the fluorescence signal. After
real-time PCR is finished, a melting curve is usually recorded. If PCR generates a
homogeneous sequence, only one transition point should be observed. Otherwise,
nonspecific products or contaminants may exist. Most commonly, SG I is used for
assays for which probe chemistry cannot be used or those assays which do not
require high accuracy. SG I can also be used for optimization of primers prior to
ordering the sequence-specific probe.

3.3.2 Probe-Based Chemistry

In probe-based chemistries, short oligonucleotides are used as an internal probe
to hybridize with the region to be amplified. All these probes possess a quencher
in close proximity to the reporter dye, where FRET occurs. In most cases, as the
products form, the linkage between the quencher and dyes will be cut off, leading to
a fluorescence enhancement. Compared to SG I, all probes are more specific since
the hybridization only happens between probes and correct amplified products.
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Fig. 3.2 Different states of TaqMan probe in real-time PCR: left – annealing; right – extension
(Reprinted with permission from PREMIER Biosoft. Copyright ©1994–2013)

3.3.2.1 TaqMan Probe

TaqMan probe is a short single-stranded DNA (ssDNA) with a fluorophore at the
50 end and a quencher at the 30 end [8]. This DNA is complementary to the sequence
within the template. Since the DNA is usually 20–30 bases in length, FRET is
efficient when the probe is in free form. At this time, the fluorescence is quenched.
It is only after the probe hybridizes to the template and is digested by Taq DNA
polymerase (Taq polymerase is known to have 50-exonuclease activity), as it extends
the amplification primers, that the linkage between dye and quencher is cleaved,
subsequently restoring fluorescence of the dye molecule (Fig. 3.2). Similar to SG
I, the fluorescence increases in proportion to the amount of PCR products, since
more probes will hybridize and will be cleaved. The advantages of the TaqMan
probe include (1) analysis in real time without the need for post-PCR handling, thus
reducing labor and cost; (2) specific hybridization-based detection, which eliminates
nonspecific signal; and (3) labeling with different dyes with monitoring of different
sequence amplifications in one tube. At the same time, however, TaqMan probes
have some challenges, including (1) limited use in different assays and (2) limited
design parameters. Normally, the probe should be designed close to the 50 end to
give a quick response. The length should be controlled in order to achieve sufficient
FRET efficiency. In addition, guanine should not be placed next to the fluorescent
dye since it is also an effective quencher.

3.3.2.2 FRET Hybridization Probes

The FRET probe system consists of two single-stranded fluorescent oligonu-
cleotides such that probe 1 is labeled with a donor dye at the 30 end, while probe
2 is labeled with an acceptor dye at the 50 end [9, 10], typically having a 1–5
bases gap between them. During the annealing step, both probes will hybridize to
the target, putting the donor in close proximity to the acceptor. The fluorescence
signal of acceptor will then be detected, and the increase will be proportional to the
products amplified (Fig. 3.3). Although this two-probe system gains specificity, it
also increases the difficulty of hybridization.



3 Application of Molecular Beacons in Real-Time PCR 49

Fig. 3.3 The working principle of FRET hybridization probes (Reprinted with permission from
PREMIER Biosoft. Copyright ©1994–2013)

3.3.2.3 Molecular Beacons

The molecular beacons are the ideal hybridization-based probe for short oligonu-
cleotide detection, and, thus, it is a suitable probe for real-time PCR [11]. In
real-time PCR, MB hybridizes with template DNA at the annealing step and
produces the fluorescent signal directly. Therefore, it does not need a polymerase
with exonuclease activity, which is essential for the TaqMan probe. In the extension
step, the polymerase will extend the sequence and displace the MB, returning it to
the stem-loop conformation. In this case, the probe can be reused in the remaining
cycles. MBs should be designed to hybridize 7–10 ıC higher than primers, to
ensure detection before primers are extended. Therefore, the stem should be just
short enough to guarantee full hybridization, but not so short that can refold to the
stem-loop structure after displacement of the molecular beacon by primer extension.
Despite the difficulty in designing and optimizing a suitable MB, MB real-time PCR
assays are simple, fast, sensitive, and accurate, allowing a high-throughput format
and enabling the multiplexing detection in one tube using different labeling probes.
MB-based PCR technique has been widely used in SNP analysis, real-time nucleic
acid detection and quantitation, allele discrimination, and other clinical assays.

3.3.2.4 Scorpion Probe

The Scorpion probe is similar to molecular beacons in that it consists of a stem-
loop structure when it is in free form. However, the Scorpion incorporates a
primer into the sequence at the 30 end, next to the quencher, via a blocker [12].
This blocker is a non-amplified monomer, which prevents the PCR from reading
through the probe. In the extension stage, the polymerase binds the primer and
synthesizes the complementary strand of target sequence just as it works in
regular PCR. During the annealing step in next cycle, the loop will hybridize to
the complementary strand within the same DNA. This separates the fluorophore
and quencher, and an enhanced fluorescent signal is instantaneously observed
(Fig. 3.4). Because the probe and primer are in the same molecule, the reaction
kinetics is extremely fast. Also, intramolecular interaction is more favorable than
intermolecular hybridization. This enables the Scorpion probe to provide a higher
signal than other bimolecular systems, including either TaqMan or MB, but the
design of the Scorpion is more difficult. Specifically, it reduces flexibility in probe
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Scorpion

Target
Extension Hybridization

Fig. 3.4 The working principle of the Scorpion probe (Reprinted with permission from PREMIER
Biosoft. Copyright ©1994–2013)

design where the loop should be engineered such that it is not too far from the
complementary part to ensure high hybridization efficiency. Similarly, the stem
should be long enough to stabilize the hairpin structure. The stem’s Tm should be
5–10 ıC higher than that of the primer-target hybrid.

3.4 MB Used in Real-Time PCR for SNPs and Mutation
Detection Assays

The human genome consists of ten million single-nucleotide polymorphisms
(SNPs). While most SNPs have no effect on health, some SNPs are believed
to be related to the development of diseases [13]. Therefore, highly specific,
simple, and accessible methods are needed for high-throughput SNPs detection
(Fig. 3.5). MB-based assays provide a solution for screening SNPs in homogeneous
assays [14]. Most of these assays require PCR to gain enough DNA targets, while
MBs can specifically recognize these targets and present detectable signals in real
time. Although other probes can also be used in real-time PCR, MBs have been
demonstrated to be superior to them in certain aspects. For example, MBs have been
proven to have better specificity than TaqMan probe in a detailed research report
[15], and MBs have less complexity than Scorpion probe in design. Therefore,
RT-PCR using MBs is perfect for SNPs analysis.

A key point for MBs in SNPs genotyping is to discriminate perfect match
targets from single-base mismatch targets. The range of temperatures within which
discrimination between the two targets is possible is wider for molecular beacons
than it is for the corresponding linear probes. This is known as the window of
discrimination, which is the basis for SNPs detection in homogeneous assays and is
discussed at length in Chap. 4.

Early in 1998, 2 years after the MB was reported, Kramer et al. proposed the
method of spectral genotyping human alleles using MB [11]. In their design, two
MBs with different labeling were used: one specific for wild-type allele with green
fluorophore and another for mutant allele labeled with red dye. The appearance of
green, red, and both signals represented the homozygous wild type, homozygous
mutant, and heterozygote, respectively.

http://dx.doi.org/10.1007/978-3-642-39109-5_4
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Fig. 3.5 Principle of spectral genotyping by PCR, exemplified by detection of a SNP in codon
325 of the estrogen receptor gene (Reprinted from Ref. [14]. Copyright 2001, with permission
from Elsevier)

Later in 1998, in another report [16], they proved that MB-based sequence anal-
ysis could be adopted as an accurate assessment of DNA sequence. Five MBs, each
complementary to a short fragment, were combined with 1–3 bases overlapped to
span an 81 bp core region on the rpoB gene. This assay is simple and rapid. Most im-
portantly, no contamination was observed since the tubes were not opened through-
out the entire assay. Seventy-five clinical DNA isolates were correctly identified as
drug susceptible or drug resistant. A broad range of point mutations, insertions, and
deletions were detected successfully. Furthermore, in their paper in 1999 [17], up
to four MBs, each with a different color, were used to explore four variants which
differed from one another only by one base position. In four tubes, all the MBs were
added with only one target variant. After PCR, only one fluorescence response was
observed in each tube. This result indicates the extraordinary specificity of MB.



52 C. Wang and C.J. Yang

Since organic dyes often overlap each other in their emission spectra, 3–4
different dyes are the maximum that can be used at the same time. Another
limitation comes from the instrument. Traditional thermal cyclers often have fixed
excitation/emission filters. Under this condition, two dyes, which can be separate
on a fluorometer, might not be able to be distinguished in PCR assays due to the
lack of appropriate filters. Tyagi et al. proposed the construction of wavelength-
shift MB [18], which emitted different fluorescent colors, but was excited with
monochromatic light. This was realized by attaching a second fluorophore next to
the fluorophore of a normal MB, which still contains a nonfluorescent quencher. In
this design, one dye served as a harvester with strong absorption in the range of the
light source. The other dye accepted the emission transferred from the harvester
and emitted the desired color of fluorescence. This shift in emission spectrum
is due to the fluorescence resonance energy transfer (FRET) from the harvester
fluorophore to the emitter fluorophore. This only happened in opened probes that
are bound to targets, and quencher has been separated from the fluorophores. By
this method, the multiplex genetic analysis can be improved to be more simple and
reliable.

3.5 MB Used in Real-Time PCR for Pathogenic Detection

Current techniques used to identify microbial pathogens usually rely on culturing
and screening the samples to monitor the presence of pathogenic organisms, which
are already well established. However, these suffer from a number of drawbacks.
The assays are laborious, time-consuming, and expensive and require labile natural
products [19]. More importantly, these routine tests do not directly characterize
virulence factors. Efforts to overcome these problems in pathogenic detection have
led to the development of DNA-based diagnosis. Today, culture-based methods for
pathogen detection are rapidly being replaced by faster and more specific real-
time PCR assays that discriminate different microorganisms based on a signal from
specific nucleic acid sequences. Real-time PCR pathogen detection assays amplify
target nucleic acid sequences from select microbes present in samples collected
from complex biological environments. Specific amplification of target sequences
is achieved by custom-designed primers and probes.

As pioneers in the study of molecular beacons, Kramer and colleagues described
a multiplex MB assay to determine four pathogenic retroviruses [20]. Since then,
scientists have applied this real-time PCR assay to detect all types of pathogenic
organisms (Table 3.1).

Unlike assays that detect specific human DNA sequences present in samples,
real-time PCR pathogenic detection assays must target genetic material from
multiple microbial species in a single sample. This requires an assay which is
capable of discriminating among the sequences from species of interest and other
sequences from even the nearest evolutionary neighbors of the target species.
Therefore, the detection of specific microorganisms requires the selection of an
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Table 3.1 The utilization of MBs to detect different pathogens

Pathogens Species References

Bacteria and Fungus Aspergillus fumigatus [21]
Bordetella pertussis [22]
Candida dubliniensis [23]
Chlamydophila felis [24]
Chlamydophila pneumoniae [25]
Clostridium [26, 27]
Escherichia coli [28–31]
Legionella pneumophila [32]
Mycobacterium tuberculosis [33–44]
Nitrifying bacteria [45]
Paracoccidioides brasiliensis [46]
Salmonella [47–53]
Scedosporiosis [54]
Staphylococcus [55–58]
Streptococcus [59]
Vibrio cholerae [60]

Viruses T-cell leukemia virus [61]
Adenovirus [62, 63]
Bluetongue virus [64]
Coronavirus [65]
Cytomegalovirus [66]
HAV [67, 68]
HBV [69–74]
HCV [75–77]
HPV [78]
Human immunodeficiency virus [75, 79–83]
Iridovirus [84]
Phage [85]
Plant virus [86]
Retrovirus [20]
Swine virus [87]
Syncytial virus [88]
West Nile virus [89]

optimum target sequence to amplify. However, since many microbial sequences are
unknown or have not yet been deciphered, the selection will be complicated and has
no principle to rely on yet.

3.6 Conclusions

Real-time PCR represents one of the most important techniques in modern molec-
ular biology, and it has become a routine and robust laboratory assay for gene
expression analysis. In this chapter, different fluorescent chemistries applied in
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real-time PCR were summarized, reflecting the prominent role of MBs in this area.
Based on the capacity to distinguish perfect match target from false targets, MBs
are naturally suited for SNPs and mutation detection. Similarly, MBs can be used
to detect all kinds of pathogens, which may only differ by a few bases in the gene
sequences. With the increasing use of real-time PCR in gene transcription studies,
disease-related diagnostics, and food safety assessment, MBs will continue to play
an irreplaceable role in this field and aid the development of real-time PCR.
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Chapter 4
Molecular Beacons for Detection
of Single-Nucleotide Polymorphisms

Mingxu You, Chaoyong James Yang, and Weihong Tan

Abstract Molecular beacons have been employed for the detection of
single-nucleotide polymorphisms (SNPs) and allele discrimination because of
their excellent selectivity in distinguishing single-nucleotide mutation. Moreover,
since SNPs represent the most abundant class of the human genome alterations,
they have also been used as biomarkers to identify complex disease-related genes
and to perform pharmacogenomic analysis of drug response. In this chapter, current
molecular beacon-based SNP genotyping methods, chemistries, and platforms are
discussed. More specifically, the strategies of developing SNP detection approach
based on molecular beacon-incorporated platforms, such as real-time polymerase
chain reaction, endonucleases- or ribonuclease-dependent amplification methods,
quantum dots or various quencher-based reporting systems, and nucleic acids’
secondary-structure-opening beacon probes, are emphasized. Finally, current efforts
in using molecular beacons for real human genome SNP analysis are summarized,
providing a guideline for smarter use of molecular beacons for SNP genotyping.
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4.1 Introduction

Single-nucleotide polymorphisms (SNPs) are single-nucleotide variations in the
genome, accounting for 80–90 % of all human genetic variations. It has been
demonstrated that more than ten million SNPs are present in the human genome,
i.e., on average, one SNP occurs in every 500–1,000 base pairs [1]. As an important
by-product of the Human Genome Project, SNPs are thought to be powerful genetic
markers to assist in the identification of allele origin, the study of genetically
associated diseases, and drug development [2, 3]. Driven by their biological and
commercial importance, various methods have been developed by corporations and
research groups to characterize and understand these SNP variations [4, 5].

Most current SNP genotyping methods rely on nucleic acid-based protocols [6],
including allele-specific oligonucleotide (ASO) hybridization, primer extension,
ligation [7], or endonuclease digestion [8]. ASO methods [9], which have been
utilized for several decades, are based on the differences in probe-target hy-
bridization stabilities between perfect-matched and mismatched targets. Initially, the
development of SNP detection was hampered by the small amounts of nucleic acids
present in clinical specimens [10]. This obstacle has been overcome with the help
of enzyme-based amplification strategies, such as polymerase chain reaction (PCR)
[11], which permits the direct amplification of target DNA sequence (in real time)
to detect single-nucleotide mutations. To date, various detection platforms have
been used for analyzing the products of each nucleic acid protocol, as noted above.
Fluorescence measurements [12] or gel electrophoresis [13] are the most frequently
used methods, while methods based on mass spectrometry [14], high-performance
liquid chromatography (HPLC) [15], electrochemistry [16], or microgravimetry
[17] have also been developed for specific conditions.

Although many SNP genotyping methods have been developed over the past
two decades [10, 18], many challenges and opportunities for optimization are lying
ahead, and further improvements are needed to lower cost and complexity, as well
as to increase selectivity, speed, and sample throughput. With their high SNP distin-
guishing property, molecular beacon (MB)-based SNP probes have been developed
with these goals in mind. In this chapter, we will discuss the current state of molec-
ular beacon engineering methodologies for optimized SNP detection applications.

4.2 Target Specificity of Molecular Beacons

Any method for SNP identification must be capable of distinguishing point muta-
tions with high selectivity. The mismatched base induces the loss of overall free
energy of binding; however, as the number of nucleotides increases (as in the
relatively long human genome), such free energy penalty represents a smaller and
smaller fraction. Consequently, some traditional hybridization probes, such as linear
DNA probes, are less efficient for SNP genotyping applications, and other highly
selective probes are desirable.
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Fig. 4.1 Thermodynamic
free energy calculation of
MB-target-binding process,
demonstrating that MB
probes have a larger
difference (�� ) between the
melting temperature of
perfectly matched duplexes
(green line) and mismatched
duplexes (blue line), when
compared with linear probe
(�� 0). The plot was modified
from Ref. [21] (Color figure
online)

For a probe depending on complementary bases, selectivity is determined by the
phase-transition temperature differences between a perfect target-probe duplex and
a mismatched helix. As the detailed theoretical thermodynamic studies illustrated
in Chap. 2 (see also Fig. 4.1), MBs generally possess better target specificity
compared with linear probes having a similar length, and MBs could distinguish
mismatches over a wider temperature range [19–21]. Moreover, MBs with longer
stems and shorter hairpin structures provide better target specificities to distinguish
single-nucleotide mismatch. However, this leads to delayed recognition kinetics and
reduced target-probe duplex stability [19]. In practice, to further improve target
specificity, the mismatch site is usually designed so that it is positioned in the center
of the loop domain.

4.3 Molecular Beacon-Based Real-Time PCR
Detection of SNPs

As mentioned above, PCR amplification allows detection of trace amounts of SNPs
in target DNA sequences. The combination of sensitive PCR methodology with
selective MB probe design has generated a powerful method for real-time base-
mutation analysis. Without the requirement of separation or purification steps,
molecular beacons are very suitable for this application.

First, MBs can be incubated directly in the PCR reaction mixture to follow the
reaction progress in real time. MBs have relatively rapid state-switching kinetics;
after denaturing at a high temperature, they quickly return to hairpin structures
at a lower temperature. The intramolecular interaction allows the renaturation of
MBs to be finished in a much shorter time (<1 �s [20]) than that needed to sense
the temperature effect. Thus, the progress of PCR can be monitored in real time
by fluorescence readout (Fig. 4.2a). In one study [21], MBs were used for point
mutation detection in a methylenetetrahydrofolate reductase (MTHFR) gene, which

http://dx.doi.org/10.1007/978-3-642-39109-5_2
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Fig. 4.2 MB-based real-time PCR assay: (a) fluorescence of MBs during PCR. SNPs analysis
could be achieved within the temperature ranges termed “window of discrimination”; (b) schematic
representation of 50-UT primer and universal MB-based real-time PCR
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represents an important marker for cardiovascular disease and neural tube defects.
As the strands synthesized during PCR cycles accumulated, the number of MB
probes that bound to the targets increased, leading to more intense fluorescence
from the open fraction of MBs. The target specificity of the method was confirmed
by the target-selective signaling from the design of molecular beacons. Thus,
compared with other fluorescence-based hybridization methods (e.g., TaqMan®

Gene Expression Assays [22]), MBs provide more reliable genotyping results.
The entire procedure can be carried out in a closed-tube system, thereby avoiding
contamination and achieving automation. MB-based real-time PCR has also proven
useful for epidemiological studies [23]. Antifolate resistance-associated S108N
point mutation could be successfully detected, and 100 African clinical isolates were
tested using this new rapid and reliable method.

Second, real-time multiplex SNP analysis is possible by using different
fluorophore-labeled molecular beacons in separate tubes or even in a single
homogeneous system [24–26], as explained in detail in Chap. 3 and Fig. 4.2b.

In the practical utilization of MB-based PCR assay, the design of primers and
beacons should also be rationally optimized. In general, the loop region of the
MB is designed with a melting temperature slightly higher than the annealing
temperature (Tanneal) of the PCR procedure (usually 18–25 bases) in order to ensure
the stability of probe-target hybrids during signal detection process (i.e., annealing
in the assay). The stem region is typically selected to dissociate at a temperature
about 7–10 ıC higher than the Tanneal. For example, if the Tanneal D 55 ıC, then the
melting temperature for the loop and stem region of MBs should be around 57 ıC
and 62–65 ıC, respectively [11]. The design of PCR primers is also critical to obtain
an optimum SNP-selective signal. Based on experience, 20–30 bases of a primer end
should be used to flank the probe sequence. PCR products with a length of no more
than 250 bp are generally used to design primers, since longer sequence may cause
diminished signals.

As mentioned above, primer and beacon design can be important for PCR-based
SNP analysis. In one study, Li et al. [27] designed a real-time PCR technique
using a universal molecular beacon (U-MB) and a 50-universal template primer
(50-UT primer). The 50-UT primer was designed with a tail sequence (e.g., (CT)10

CCGGG) to hybridize with the loop sequence (e.g., (AG)10) and 50-arm sequence
(e.g., CCCGG) of the U-MB. As the number of PCR cycles increases, more new
DNA fragments with 50-UT primer tail will be synthesized. As the reverse primer
extends, the hybridized U-MB will be replaced, resulting in a quenched fluorescence
signal (Fig. 4.2b). This method has shown high sensitivity and point mutation
discrimination ability, as demonstrated by detecting a single G mutation in codon
259 (AGA) of exon 7 of the p53 gene on breast cancer individuals [27]. The same
U-MB could be used to identify different targets. It is worth noting that target
specificity arises only from DNA polymerase activity, since the amplification of
the mismatched template is usually significantly delayed relative to the perfectly
matched one.

http://dx.doi.org/10.1007/978-3-642-39109-5_3
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4.4 MBs Incorporated with Various Enzymatic
Amplification Mechanisms

Other than the PCR technique, various types of enzyme-based amplification meth-
ods have been employed with molecular beacons for sensitive and specific SNP
analysis. Among these enzymatic methods, DNA endonuclease-based approaches
are most widely used. This type of isothermally amplified detection provides
high sensitivity and a high potential for in vivo applications [28, 29]. However,
the sequence-specific property of endonuclease limits the potential of enzymatic
methods for general nucleic acid targeting. To overcome this difficulty, Kong et al.
recently developed a MB-based “Y”-shaped probe with strong SNP identification
ability [24]. As shown in Fig. 4.3, the Y-shaped junction consists of three parts: a
signal MB probe, an assistant probe, and target DNA. The MB probe contains the
nicking endonuclease site for a Nt. BbvCI enzyme, which recognizes dsDNA, but
only hydrolyzes one specific strand (beacon). By changing the target DNA-bound
sequence of the MB and assistant probes, while retaining the enzyme cleavage
region, this smart design guarantees universal DNA target detection with the added
potential of SNP selectivity. This efficient target-triggered amplification process can
provide fast and sensitive responses.

Ribonuclease-based techniques are also attractive approaches for SNPs analysis.
For example, using a MB with the loop region containing an SNP-specific ribonu-
cleotide, Liu et al. reported a ribonuclease H (RNase H)-based technique for SNP
detection [25]. If the MB probe is bound with a perfectly matched target, efficient
cleavage by TthRNase HII will lead to fluorescence and gel signals. However, in the
presence of a mismatched target, the cleavage efficiency was greatly reduced. Based
on this strategy, the genotypes from ten individuals at 12 SNP sites were accurately
determined, across a series of human leukocyte antigen (HLA) sites. Compared with
other ribonucleases, such as RNase A, RNase 1, or RNase T, the use of RNase H
allows more general applications, since other ribonucleases can only cleave certain
types of mismatches [26].

Fig. 4.3 Scheme of the
Y-shaped junction; the
nicking endonuclease only
hydrolyzes the beacon probe,
and SNP analysis was
realized by the universal MB
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An important benefit of nucleic acid chemistry is the ease of chemical mod-
ification; different functional groups or artificial nucleotides can be synthesized
into oligonucleotide chains using a commercial DNA/RNA synthesizer. Peptide
nucleic acid (PNA)-based beacon structures have been adapted for SNP genotyping.
Komiyama et al. found that if a mismatch exists in the DNA sequence, the DNA
could be efficiently hydrolyzed by nuclease S1 or Mung Bean nuclease after
adding the complementary PNA. In contrast, fully matched DNA remained intact
[30]. This behavior was attributed to conformational changes and physicochemical
perturbations at the mismatch site. Moreover, the SNP sites could be visually
detected using a 3,30-diethylthiadicarbocyanine dye, which changes color in the
presence of DNA/PNA duplexes. This type of PNA-nuclease system was later used
in a PNA-MB system for SNP analysis [31]. Sensitive and selective SNP detection
was demonstrated, and PNA beacons, which are resistant to naturally occurring
enzymes, could be repeatedly used.

The enzymatic amplification method can be also hyphenated with electrochemi-
cal signals, instead of optical detection. In an interesting study, a biotin-labeled MB
was immobilized on the gold electrode surface [32]. The MB-target hybridization
event allowed the biotin group to interact with streptavidin-linked horseradish
peroxidase (HRP), an enzyme whose activity was inhibited by stereo-hindrance in
the absence of DNA target. Based on the electrochemical signal from the enzymatic
product in the presence of substrate, sensitive DNA target detection and SNP
analysis potential were demonstrated.

4.5 MBs with Modified Reporting Systems

As demonstrated in the above-mentioned HRP example, the reporting system of
MBs has been modified in some efforts, as described in Chaps. 6 and 7. Interesting
examples for SNP genotyping applications include the smart utilization of quantum
dots (QDs) [33, 34], G-base quenching [35], gold nanoparticles [36, 37], and some
nonfluorescence reporting systems [38].

Traditional organic fluophores have optical drawbacks, such as spectral crosstalk
and the low resistance to photobleaching. In particular, spectral crosstalk limits their
use for simultaneous multiple SNP detection. Quantum dots, which have narrow
emission bands, broad absorptions, size-tunable photoluminescence spectra, and
higher photostability, are attracting attention [39] for SNPs detection. Since the
first use of quantum dot-based MBs (QD-MB) for single-base discrimination in
2004 [39], various multicolor QD-MB probes with different linkage strategies and
quenchers have been reported with high sensitivity [40, 41]. In a recent example,
the simultaneous detection of dual single-base mutations using QD-MB probes
was achieved [40]. Using capillary electrophoresis for highly efficient separation
of MB-target conjugates from unhybridized MBs further avoids the influence of
false-positive signals. Sensitive target identification was achieved using 585- and
650-nm emitting CdTe QDs.

http://dx.doi.org/10.1007/978-3-642-39109-5_6
http://dx.doi.org/10.1007/978-3-642-39109-5_7
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Fig. 4.4 Scheme of molecular beacon-based electrochemical probes for SNP genotyping

Improved quenching systems have also been employed, such as the gold
nanoclusters. For example, 1.4 nm in diameter gold nanoparticles [35] have been
used as a quencher for MBs. In comparison with organic quenchers (e.g., Dabcyl),
gold clusters could improve the quenching efficiency as much as 100-fold. As a
result, eightfold enhancement of single-nucleotide detection ability was achieved
when compared to conventional MBs.

In another trial, gold nanoparticle-modified molecular beacons have also been
used to develop a sensitive and low-cost method, which even allows visual SNPs
analysis [35, 42]. In a recent study [43] with MB-functionalized gold nanoparticles,
as low as 10 pM perfectly matched target DNA and mismatched DNA could be
distinguished, based on the color change in a dry-reagent strip biosensor. This
instrument-free, rapid (less than 30 min) and sensitive approach demonstrates
the potential of conjugating MBs with nanomaterials to further optimize SNP
genotyping methods.

Other than fluorescence or absorbance changes, electrochemical signals can be
used to develop sensitive and inexpensive SNP genotyping systems. The most
commonly used system is represented in Fig. 4.4. Molecular beacons are linked
on one side with an electroactive tag, such as ferrocene or methylene blue, and with
an electrode, such as gold, on the other side. The conformational change induced by
the target hybridization event significantly alters the electron transfer between the
electrode and the electroactive label, resulting in electrochemical signal alternations
[42]. Because most of these electrochemical systems have been based on the “ON-
to-OFF” mode, the decreased signal after target binding can influence the sensitivity
of the method and may result in false-positives. In a recent study [44], Farjami
et al. demonstrated a robust “OFF-to-ON” signal mode by truncating the MBs to
20 nts, resulting in strong selectivity for SNP analysis. As an example, this method
could efficiently distinguish the SNP-containing sequences of TP53 DNA, a cancer
biomarker gene, from normal genes.
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4.6 Other Types of Molecular Beacon SNP Detection Systems

While the methods discussed above represent some of the most widely used
approaches for MB-based detection of single-nucleotide mutations, the importance
of SNP genotyping has also triggered some other smart designs in MB probes, and
a few examples are described here.

Figure 4.5 shows a secondary-structure-folded nucleic acids (NA) probe using
an Alzheimer’s disease-related gene Tau-WT as the model target. Because Tau-
WT has a stem structure, a single mutation can reduce stem ability and lead to
an alternative mRNA splicing mechanism, eventually producing mutant proteins
and forming nerve tissue-distracting filaments. Grimes et al. [45] demonstrated
that a conventional MB probe, which contains a loop sequence complementary to
Tau-WT, was unable to provide readable signals after binding with target. This
result shows that MB probes may not be capable of detecting the presence of
secondary-structure-folded targets. Instead, two target-specific adaptor DNA strands
(f and m) were introduced and incubated with a universal piece of MB probe.
The target-binding arm of strands f and m hybridize and unwind the secondary
structure of the target. The resultant complex could further bind with MB to provide
readout. A ninefold higher signal from perfectly matched target compared with
mismatched DNA was demonstrated. The sequence of the MB is independent
of the target sequence and can be synthesized in bulk amounts to reduce the
cost. Similarly, some other multiple sequence systems have been developed by
introducing “assistant strands.” For example, PNA probes have been designed to act
as “openers” to dehybridize double-stranded DNA targets, making them available
for direct detection by MBs [46, 47].

In other examples, the stem or loop regions of MB probes have been engineered
for advanced SNP detection. Lin et al. designed another universal MB based on a

Fig. 4.5 Scheme of the secondary-structure-folded nucleic acids probe for SNP analysis
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specific T-Hg2+-T stem region [43]. The binding affinity of this MB probe could
be easily adjusted by the concentration of Hg2+ ions. When compared with conven-
tional MBs, a greater SNP discrimination ability was demonstrated by this design.

4.7 Conclusion and Future Perspectives

Since SNPs are extremely abundant in the human genome and are related to various
diseases, a simple and accurate method to determine allele frequencies can provide
important information, such as mapping genes that contribute to diseases and
determining epidemiological patterns, as well as other genetic applications. The past
few years have witnessed the rapid development of SNP genotyping technologies,
and various SNP detection protocols have become available.

With their excellent mutation specificity, molecular beacons have been reliable
probes for this type of biological application. This chapter has focused on the
protocols currently incorporating MBs for SNP analysis, many leading to real
human genome analysis (Table 4.1). However, no single protocol, whether based on

Table 4.1 Human gene SNP samples genotyped by molecular beacon assay

Genes name SNP sites Methods Ref.

Exon 7 of p53 Codon 259 Real-time PCR [30]
MTHFR C677T mutation [27, 48]
DC-SIGN 54 SNPs [10]
Estrogen receptor Codon 325 [11]
Chemokine receptor5 Codon 627 [26]
DEFB1 Codon 44 [49]
HFE p. C282Y, p.H63D [50]
GRK4;angiotensinogen; and

aldosterone synthase
R65L, A142V and A486V;

6G/A, M235T; 344C/T
[51]

Estrogen receptor Codon 10, 594, 325 [52]
CCK, CYP17, DRD, HTR,

MAOA, RS363
27 SNPs [53]

Exon 4 of IL-13 A2044G CE C PCR [54]
Exon 6 of XPD A-allele/C-allele PNA C PCR [55]
Human leukocyte antigen

(HLA)
12 SNP sites Ribonucleases [34]

p53 Codon 273 Ligase C ribonuclease [56]
apoE3/E2 allele PNA C nuclease [37]
ApoE Codon 112 PNA C nuclease [36]
Tau-WT Tau/0C and Tau/1A Secondary structure folding [45]
rs1490413, rs876724,

rs717302
rs14-G/A, rs71-G/A,

rs87-C/T
Secondary structure folding [57]

TP53 Codon 175 Electrochemistry [44]
p53 HSC4, Ca9 mutant DNA chips on glass [58]
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MBs or other modalities, has been able to meet all research demands. Factors, such
as cost, time consumption, instrumentation, sensitivity, reproducibility, accuracy,
multiplexing, and throughput level, still require improvements. In the future, smarter
use of MBs for SNP genotyping will continue to be investigated.
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Chapter 5
Molecular Beacons on Solid Surfaces

Tao Chen and Weihong Tan

Abstract In this chapter, immobilization of molecular beacons (MBs) on different
bulk surfaces and nanomaterial surfaces is discussed. For use in large-scale parallel
analysis with increased sensitivity at a pathogen-detector interface, MBs have been
immobilized on different bulk solid support matrixes, including microscope glass
slides, gold surfaces, and optical fibers. However, the performance of MBs on
solid surfaces has been greatly compromised by severe surface effects. To solve
this problem, various immobilization techniques and surface treatment approaches
have been used to minimize interfacial issues. Since nanomaterials possess unique
physical and chemical properties, they have also been utilized as solid supports to
immobilize MBs. This chapter reviews recent progress in this area.

5.1 Introduction

For their use in large-scale parallel analysis with increased sensitivity at a
pathogen-detector interface, it is convenient to first immobilize MBs onto a solid
platform. Compared to MB assays performed in homogeneous phase, surface-
immobilized MBs allow [1] simultaneous detection of multiple targets through
spatial encoding. Moreover, the implementation of surface-immobilized MBs
configured into an array of formats enables the seamless coupling to a microfluidic
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system, which offers high levels of automation, as well as reduced sample and
reagent consumption, leading to lower assay cost. Therefore, various solid surfaces
have been studied as viable substrates for the attachment of MBs. In this chapter,
we will mainly focus on such bulk solid surfaces as microscope glass slides, gold
surfaces, and optical fibers. The immobilization of MBs on the surface of various
nanomaterials, including gold nanoparticles (AuNPs), quantum dots (QDs), and
magnetic nanoparticles (MNPs), will also be discussed.

5.2 MBs on Microscope Glass Slides

5.2.1 Non-covalent Immobilization through
Biotin-(Strept)Avidin Interaction

5.2.1.1 Characteristics of Biotin-(Strept)Avidin Interaction

Avidin, a 67-kDa glycoprotein found in egg white, and streptavidin, a similar 60-
kDa protein identified in Streptomyces avidinii, have extraordinarily high affinity
to biotin, a 224.31-Da small molecule, also known as vitamin H [2, 3]. Their
structures are shown in Fig. 5.1. The dissociation constant (Kd) of the biotin-avidin
complex is on the order of 4 � 10�14 M [4], whereas the Kd of the biotin-streptavidin
complex is measured to be around 10�15 M [5], making them among the strongest
non-covalent interactions known in nature. In addition to this property, biotin-
(strept)avidin interaction has some other unique characteristics that make it ideal
as a general bridge system in immobilizing MBs onto various solid surfaces [6]:

(a) Once formed, the biotin-(strept)avidin complex is not disturbed by the presence
of organic solvents, denaturants, detergents, chaotropes, proteolytic enzymes,
changes in temperature, pH, or manipulations, such as multiple washings.

(b) Biotin-(strept)avidin interaction is highly specific, which ensures that the
binding is only directed to the target of interest. However, in some applications,
avidin has some nonspecific binding caused by its sugar moieties and high
isoelectric point of around 10.

Fig. 5.1 Structures of avidin (left), streptavidin (middle) and biotin (right)



5 Molecular Beacons on Solid Surfaces 77

(c) (Strept)avidin possesses four binding sites per molecule, which makes its
binding with multiple biotinylated molecules possible.

(d) When introduced into biologically active macromolecules, biotin does not usu-
ally affect their biological activity since it is just a small molecule. In addition,
many biotinylation reagents are commercially available and extremely easy to
use by following well-established protocols. For example, biotin moiety can be
easily incorporated into different locations of an MB through phosphoramidite
chemistry, in which DNA synthesis proceeds in the 30 to 50 direction, the
opposite of biological systems.

(e) (Strept)avidin can be easily derivatized with various organic reagents for further
conjugation with different compounds or solid supports.

5.2.1.2 Immobilization Methods

In order to immobilize MBs onto glass slides through biotin-(strept)avidin interac-
tion, MBs should be biotinylated. Biotin moiety can be easily incorporated into MB
at its 50-end using biotin phosphoramidite [7] or 30-end using biotin controlled pore
glass (CPG) [8]. Biotin molecules can also be introduced in the middle of the MB
sequence through the use of biotin-dT phosphoramidite [9].

Two approaches are commonly used for immobilizing MBs onto glass slides
through biotin-(strept)avidin interaction: One is the direct method [10] and the other
is the indirect method, as illustrated in Fig. 5.2 [9]. For direct immobilization of
biotinylated MBs, highly concentrated (strept)avidin in appropriate buffer is first
deposited onto glass slides. After multiple washings with buffer, the (strept)avidin
on the surface is further stabilized by cross-linking with glutaraldehyde. Finally,
biotinylated MBs are incubated with the activated surface after removal of unbound
(strept)avidin. For indirect immobilization of biotinylated MBs, the glass slides are
first incubated with highly concentrated BSA-biotin and then washed with buffer to
remove unadsorbed BSA-biotin. The rest of the procedure is similar to the direct
method, except no cross-linking is applied.

The direct method is simple and cost-effective. However, faster and more
sensitive response of the immobilized MBs to their complementary targets is
observed by using the indirect method [9]. In addition, while the immobilized MBs
can only maintain their activity for 1 week if the direct method is used, immobilized
MBs have up to a 3-week lifetime if the indirect method is used [9].

5.2.2 Covalent Immobilization through Siloxane-based
Chemistry

Other than non-covalent immobilization of MBs onto glass slides through
biotin-(strept)avidin interaction, covalent immobilization through siloxane-based
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Fig. 5.2 Non-covalent immobilization of MBs onto glass slides through biotin-(strept)avidin
interaction via (a) direct method and (b) indirect method (Reprinted with the permission from
Ref. [9]. Copyright 2012 The Japan Society for Analytical Chemistry)

chemistry can also be employed [11–14]. As demonstrated in Fig. 5.3, MBs
are commonly labeled with an amino group through phosphoramidite chemistry
similar to that used in MB biotinylation. The glass slides are chemically
treated with appropriate silanes to possess isothiocyanate [11, 12], aldehyde
[13], or glycidoxy groups [14]. Taking the preparation of isothiocyanate group-
bearing glass slides [12] as an example, cleaned glass slides are first immersed
with 3-aminopropyltrimethoxysilane to introduce available amino groups. After
multiple washings with buffer, they are furthered incubated with 1,4-phenylene
diisothiocyanate solution in 10 % pyridine/dimethyl formamide to be labeled with
isothiocyanate groups.
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Fig. 5.3 Covalent immobilization of amino-labeled MBs onto modified glass slides through
siloxane-based chemistry

5.2.3 Improving the Performance of MBs on Microscope
Glass Slides

Although MBs have been non-covalently or covalently immobilized onto glass
slides to develop DNA biochips, the immobilized MBs have much lower fluores-
cence enhancement than that in solution. Such reduced sensitivity of immobilized
MBs has been attributed to their lower stability and reactivity on surfaces [15].
Based on their lower stability, immobilized MBs are partially open on the surface,
and the lower reactivity then hinders effective opening after hybridization with
their complementary targets. To address these issues, many new techniques for
immobilizing MBs onto glass slides have been developed. For instance, both
poly(thymidine/adenosine) (poly(T/A)) [16] and poly(ethylene glycol) (PEG) [17]
spacing linkers are used to increase the distance between the MBs and surfaces,
resulting in decreased surface effect and slightly improved MB performance.

Besides simply introducing PEG spacing linker, Tan and his colleagues have
designed a special MB with alternating normal nucleic acid bases and locked
nucleic acid (LNA) bases, aiming to enhance stability on the glass slide surface
[7]. Compared to normal nucleic acid bases, LNA bases contain a bicyclic furanose
unit locked in an RNA-mimicking sugar conformation [18]. The methylene bridge
that connects the 20-O and 40-C of the ribose ring brings higher structural rigidity
to the LNAs, thus preventing potential interactions between the immobilized
MBs and the glass slide surface. Furthermore, LNAs have superior affinity and
specificity to their complementary target when compared to that of DNA [19].
Using LNA-incorporated MBs on a glass slide surface was shown to be more stable,
reproducible, selective, and robust when compared to normal MBs. Importantly,
around 25-fold fluorescence enhancement was observed for the LNA-incorporated
MBs on the glass slides. However, less than 10-fold enhancement was obtained for
normal MBs.
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Fig. 5.4 Improving the performance of immobilized MBs through endonuclease cleavage. After
hybridization with complementary target, only part of the surface-immobilized MBs open effec-
tively. The endonuclease then cut all the hybridized duplex to release all fluorescence signals
(Reprinted from Ref. [15]. Copyright 2012, with permission from Elsevier)

Considerable research effort has also been expended to increase the reactivity
of immobilized MBs on surfaces. Wang et al. developed a novel MB bearing a
restriction endonuclease recognition site at its loop structure and a poly(A) spacing
linker between the MB and the surface, as shown in Fig. 5.4 [15]. The MBs were
biotinylated at their 50-end and immobilized onto the surface through indirect biotin-
streptavidin interaction. After hybridization with their complementary targets, only
some of the target-binding MBs were effectively opened, while the rest were
still closed. Therefore, in the absence of endonuclease, only these fully opened
MBs contributed to the final fluorescence signal. However, in the presence of
endonuclease, the double-stranded target-binding MBs were specifically cleaved,
whether they were open or closed, leading to much higher final fluorescence signal.
Their results showed that improved fluorescence enhancement and sensitivity were
accomplished by using this strategy.
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Apart from incorporating different modification strategies to MBs, glass slides
with different surface treatment approaches were also used to further improve the
performance of surface-immobilized MBs. Among all these methods, coating with
appropriate polymers has become the first choice. Different types of polymers have
been used for this purpose, such as agarose [20], polyacrylamide [21], poly(methyl
methacrylate) [1], and polypyrrole-polyvinylsulfonate [22]. Compared to plain
glass slides, a polymer-coated surface provides a solution-like environment, rather
than the typical heterogeneous liquid-solid interface, which can greatly reduce
surface effect [20, 23]. Typically, immobilization of MBs onto these polymer-coated
surfaces is realized by spotting MB solutions using a pin-based spotting robot.
Lu et al. have successfully immobilized MBs onto agarose film-coated glass slides
[20]. Their results showed that the immobilized MBs had high quenching efficiency,
as well as excellent discrimination ratio for single-nucleotide mismatches. However,
slow hybridization kinetics was observed for the agarose film-immobilized MBs
due to the limited mass transport of the complementary targets through the polymer
network.

5.3 MBs on Gold Surface

Even though microscope glass slides have been commonly used as a substrate
for MB immobilization, they only play a passive role. Therefore, novel substrate
materials with desired functions are in great demand. Among all potential substrates,
the gold surface has greatly captured the interest of researchers, particularly since it
can be used as a quenching agent through a resonance energy transfer or “contact
quenching” process. To be immobilized onto gold substrate, quencher-free MBs can
be used. Krauss et al. have developed two prototype MB biosensors by anchoring
MBs labeled with only a fluorophore onto a gold surface through standard gold-
thiol chemistry [24]. The quenching of the gold surface to both MBs was found
to be more than 95 %, which is comparable to that obtained in solution-phase
assays by using 4-((40-(dimethylamino)phenyl)azo)benzoic acid (DABCYL) as the
quencher. Based on the excellent quenching of the gold surface, more than 20-fold
fluorescence enhancement was achieved, and complementary targets were detected
down to 10 nM, using the gold-immobilized MBs. In addition, excellent selectivity
of the immobilized MBs was noticed.

After demonstrating the feasibility of sensitively detecting complementary tar-
gets by using gold-immobilized, quencher-free MBs, Krauss et al. also applied this
strategy for the detection of naturally occurring analytes, such as Staphylococcus
aureus femA and mecR methicillin-resistant genes [25]. In order to ensure high
hybridization efficiency between the surface-immobilized MBs and the comple-
mentary targets, some interstitial space between the probes is necessary [26]. In
Krauss’ work, the density of surface-immobilized MBs was optimized by changing
the concentration of MBs in solution and the exposure time [25]. They discovered
that simply using a low concentration of MB solution and a short incubation time
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did not necessarily result in low background fluorescence. Thus, they varied the
coverage of surface-bound MBs by forming a two-component monolayer consisting
of thiolated MBs and 3-mercapto-1-propanol (MP). Since MP was used as a spacer
this time, low background fluorescence was observed. Sensitive detection of the
desired targets by using the developed biosensors was achieved with more than 100-
fold fluorescence enhancement. They also showed that the hybridization kinetics,
sensitivity, and selectivity of the immobilized MBs were dependent on their specific
sequence information. For example, MBs with longer hairpins possess more ther-
modynamically stable duplexes after hybridization to their complementary targets,
resulting in higher sensitivity. At the same time, however, slower hybridization
kinetics and less single-base mismatch discrimination are observed [25, 27].

In addition to its advantages, as outlined above, using a gold surface as a viable
substrate has some drawbacks. Specifically, even though MBs can be easily attached
to the gold surface via standard gold-thiol chemistry, nitrogen-based moieties in the
DNA’s backbone can also be chemically adsorbed onto the same surface, resulting
in nonspecific adhesion of either MB themselves or their complementary targets.
These nonspecific interactions can be minimized by employing blocking agents
[1, 25]. Another problem involves nonuniform distribution of MBs on the gold sur-
face, causing surface-induced aggregation that can affect the performance [28, 29].

5.4 MBs on Optical Fibers

An optical fiber is a flexible, transparent fiber made of pure glass that acts as a
waveguide or “light pipe” to transmit light between the two ends of it. However,
its properties are quite different from that of the microscope glass slide. An optical
fiber generally has dimensions comparable to that of a human hair. Optical fibers are
widely used in fiber-optic communications since light can travel along them over a
long distance and at high bandwidths, with negligible loss and excellent immunity to
electromagnetic interference. Specially designed optical fibers can also be used for
a variety of other applications, including fiber lasers and sensors. Compared to other
biosensors, optical fiber biosensors offer several advantages, small size, flexible
geometry, remote working capability, and excellent immunity to noise, making
them excellent candidates for environment monitoring and biomedical applications
[30–34]. Optical fiber typically consists of a transparent core surrounded by a
transparent cladding material with a lower index of refraction; therefore, light is
kept in the core by total internal reflection, which forms the basis of fiber-optic
evanescent wave biosensors [35].

A fiber-optic evanescent wave biosensor generally works in the following
manner: First, fluorophores immobilized on or flowing around the core surface of
an optical fiber are excited. Next, the fluorescence produced from the fluorophores
is coupled back into the fiber core and finally transmitted to an optical detection
system [35]. Many evanescent fiber sensors have been developed for sensitive
detection of peptides, proteins, and DNA [36]. Tan et al. have developed a novel
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optical fiber evanescent wave DNA biosensor by immobilizing biotinylated MBs
onto an optical fiber core surface through indirect biotin-streptavidin interaction
[35]. The sensor is rapid, stable, reproducible, highly sensitive, and selective, and the
concentration detection limit of the MB evanescent wave biosensor is 1.1 nM. They
also investigated the influence of ionic strength relative to the hybridization kinetics
of the immobilized MB to its complementary target. Their results showed that
divalent cations, such as Mg2C, play a more important role than monovalent cations,
such as KC, in speeding up the hybridization kinetics. Following this work, they
then prepared an MB array and successfully utilized it for simultaneous analysis of
multiple targets in the same solution [37].

5.5 MBs on Nanomaterial Surfaces

Nanomaterials are structures with a size of 100 nm or smaller in at least one dimen-
sion. Based on quantum effects that result from the large surface area to volume
ratio, nanomaterials possess unique optical, electronic, magnetic, and mechanical
properties [38]. Therefore, nanomaterials have generated widespread interest in
biosensor development [39] and biomedical applications [40]. Hybrid materials
composed of nanomaterials and biomolecules have recently been assembled and
used in different scientific fields [41–43]. It is expected that the highly specific
recognition abilities of biomolecules coupled with various properties of nanoma-
terials will make these composite materials more attractive in their applications.
Therefore, MBs have been immobilized onto different nanomaterial surfaces to
develop multifunctional probes. Here, we will focus on gold nanoparticles (AuNPs),
quantum dots (QDs), and magnetic nanoparticles (MNPs).

5.5.1 MBs on AuNPs

Similar to bulk gold surfaces, AuNPs can also serve as quenching agents for
immobilized fluorophores. Instead of using an organic quencher, such as DABCYL,
a 1.4-nm AuNP was used as an inorganic quencher [44]. As demonstrated in
Libchaber’s work, a 25-base hairpin-structured synthetic oligonucleotide modified
with primary amine at its 30-end and a disulfide at its 50-end was first synthesized.
Then, an amine-reactive dye was coupled to the primary amine at the 30-end, and the
1.4 nm AuNP with one N-propylmaleimide was attached to the activated disulfide at
its 50-end. Gel electrophoresis was used to analyze the reaction product, confirming
the absence of nonspecific interactions between the DNA and the AuNP. In the
absence of complementary target, the MB had negligible background. However,
in the presence of target, significant fluorescence enhancement ensued. Compared
to conventional MBs, their MB had sensitivity enhancement up to 100-fold and
improvement in discrimination to single-base mismatched target up to 8-fold.
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Fig. 5.5 Schematic illustration of the dry-reagent strip-type nucleic acid biosensor (DSNAB) based
on an MB-modified AuNP probe and a lateral flow test strip. (a) In the test zone, sample solution
containing complementary target rehydrates the MB-immobilized AuNPs, activating the biotin
groups. Thus, the formed hybrids are captured by streptavidin to show a characteristic red band.
(b) Diagram of the DSNAB. (c) In the control zone, excess MB-immobilized AuNPs are captured
by the DNA probe (Reproduced from Ref. [47] by permission of The Royal Society of Chemistry)

The superior performance of the MB with an AuNP quencher comes from the better
quenching ability of the AuNP compared to an organic quencher, especially in low-
salt buffers.

In addition to their use as quenching agents, AuNPs have strong localized
surface plasmon resonance [45], resulting in an intense red color (for particles
less than 100 nm) [46]. Based on this property, Liu et al. have constructed a dry-
reagent strip-type nucleic acid biosensor (DSNAB) based on an MB-modified AuNP
probe and a lateral flow test strip [47]. As illustrated in Fig. 5.5, an MB modified
with biotin at its 30-end and thiol at its 50-end was immobilized onto AuNPs in
the presence of 11-mercaptoundecanol blockers, leading to the inactive state of
biotin. Upon complementary target addition, duplex formation pulls the biotin away
from the AuNP surface, and the activated biotin is able to react with streptavidin.
A conventional immunochromatographic strip consists of four components: a
sample pad, a conjugation pad, a nitrocellulose membrane, and an absorption pad.
The MB-immobilized AuNPs were dispensed on the conjugation pad. Streptavidin
and streptavidin-biotin-DNA (complementary to the MB) were dispensed on the
nitrocellulose membrane to form the test and control zone. The sample solution
containing complementary target DNA was applied on the sample pad. When the
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solution migrated along the strip, it first rehydrated the MB-immobilized AuNP to
activate the biotin groups. The formed hybrids continued to migrate along the strip
and were captured in the test zone by the pre-immobilized streptavidin, forming
a characteristic red band to indicate the presence of the target. Then the excess
MB-immobilized AuNPs were captured by the DNA probe, leading to a second
characteristic red band to indicate that the DSNAB was working properly. Using
this sensor, target DNA as low as 50 pM was visualized within 15 min with great
discrimination to single-base mismatched target.

It is very challenging to deliver DNA across the plasma membrane barrier
[48]; however, DNA-modified AuNPs can enter cells with high efficiency without
external assistance [49]. Based on this concept, Tang et al. have developed a tumor
mRNA-dependent MB-AuNP carrier for controlled release of doxorubicin and
intracellular imaging. Doxorubicin is a fluorescent anticancer drug. It can intercalate
into the double-stranded 50-GC-30 or 50-CG-30 sequences of DNA or RNA, resulting
in quenched fluorescence and decreased cytotoxicity of doxorubicin [50]. Therefore,
after immobilizing MBs onto AuNPs, doxorubicin was intercalated into the GC-
containing stem part of the MB, constructing a reservoir for doxorubicin. The loop
of the MB was complementary to cyclin D1 mRNA, which is highly expressed
in breast cancer cell line SK-BR-3. Their results showed that selective killing
was observed for target cells. In addition, the released doxorubicin in target cells
illuminated the cell, enabling simultaneous imaging.

5.5.2 MBs on QDs

Organic dyes have been widely used for MB construction. However, organic dyes
are sensitive to the physiological environment and vulnerable to photobleaching
under normal imaging conditions [51]. In addition, two inherent properties prevent
their use for multiplexed detection: (1) Organic dyes have relatively broad emission
spectra, resulting in signal overlap from different dyes, and (2) only one organic
dye can be optimally excited by a certain laser, thus requiring multiple lasers for
multiplexed detection [52]. On the other hand, inorganic QDs are usually bright
and stable, even under a relatively harsh environment [53, 54]. Importantly, QDs
always emit the same light, no matter what excitation wavelength is used [52]. This
means that only one excitation source is needed to see all the different colors from
QDs. Therefore, other than organic dye, QD is also an exceptional candidate for MB
construction, especially when simultaneous detection of multiple targets is needed.

To demonstrate the feasibility of using quantum dots for MB construction, Ozkan
et al. have developed an MB with a ZnS-capped CdSe QDs as a fluorophore and
DABCYL as a quencher [52]. The as-synthesized QDs were first functionalized
with mercaptoacetic acid (MMA) to make them water soluble and possess carboxyl
groups. Then amino group-modified MBs were attached onto their surface with
the help of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC).
Compared to an organic dye (FAM) MB, QD MBs had improved imaging lifetime.



86 T. Chen and W. Tan

However, since QDs are larger than DABCYL, the center-to-center spacing between
QD and DABCYL was found to be larger when compared to the FAM/DABCYL
case, leading to less quenching efficiency and thus less sensitivity of the QD
MB. Only around five- to sixfold fluorescence enhancement was observed for
the QD MB.

In order to further improve the performance of QD MBs, condition optimization
of the system was carried out by many researchers. Batt et al. systematically
studied the influence of linkage and quenching strategies to quantum dot MBs
[55]. Two different linkage strategies were used to immobilize MBs onto QD
surface: covalently link amino group-modified MBs onto carboxyl group bearing
QDs and non-covalently link biotinylated MBs onto streptavidin-coated QDs. Since
the hydrodynamic diameter of the streptavidin-coated QDs at 13.5 nm exceeded that
of the carboxyl-bearing QDs at 7 nm, the amide-linked MBs showed a 57 % greater
fluorescence enhancement over that of the streptavidin-linked MBs. Three different
quenchers, Iowa Black, 1.4 nm AuNP, and DABCYL, were used to construct QD
MBs. According to their results, Iowa Black- and 1.4-nm AuNP-quenched MBs
exhibited approximately twofold greater fluorescence enhancement than that of
DABCYL-quenched MBs. Putting all their results together, it can be concluded that
it is very important to choose the proper linkage method and quencher moieties to
develop high-quality QD MBs.

5.5.3 MBs on MNPs

The separation of single-base mismatched DNA/RNA strands in complex mixtures,
such as cell lysates and tissue samples, is of great interest in disease diagnostics
and biomedical studies. However, conventional DNA separation methods, such
as high-pressure liquid chromatography and gel electrophoresis, are based on the
hydrophobicity or the length of DNA, but lack sequence recognition capability.
Recently, MBs have been developed for real-time DNA/RNA detection with
high sensitivity and selectivity. More importantly, they have excellent capability
to discriminate single-base mismatched DNA from complementary target DNA.
Therefore, MBs can be used to solve the abovementioned problem if a suitable
carrier between liquid and solid phases is provided.

Aside from having high surface-to-volume ratio and ultrasmall size, MNPs also
obey Coulomb’s law and can be manipulated by an external magnetic field gradient.
Therefore, Tan et al. have used MNPs as carriers to immobilize MBs [56]. The
silica-coated MNPs were first synthesized using a reverse microemulsion method
[57]. Then they were further coated with a layer of avidin through electrostatic
interaction. After cross-linking the avidin by glutaraldehyde, biotinylated MBs
were finally immobilized onto the MNPs. The working principle of the system
is illustrated in Fig. 5.6. First, single-base mismatched DNA and complementary
target DNA were both captured. The melting temperature of the duplex between
single-base mismatched DNA and MB is lower than complementary target DNA.
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Fig. 5.6 Working principle of the MB-immobilized MNPs for separation and collection of gene
products with single-base mismatch discrimination ability (Reprinted with the permission from
Ref. [56]. Copyright 2012 American Chemical Society)

Therefore, at 32 ıC, single-base mismatched DNA was completely dissociated
from the MB-MNP conjugates, and only the complementary target DNA was still
captured. When the temperature was further increased to 52 ıC, complementary
target DNA was also completely dissociated from the conjugates, regenerating them
to be used again. Their results showed that the strategy worked perfectly well in
buffer solution, as well as cell samples. Highly efficient collection of rare amount
of DNA/RNA samples, as low as femtomolar concentrations, was achieved. In
addition, the system had excellent ability to differentiate single-base mismatched
DNA/RNA samples.

5.6 Conclusion and Outlook

MBs can be non-covalently or covalently immobilized on the surface of bulk solid
support matrixes, including microscope glass slides, gold surfaces, and optical
fibers. Non-covalent immobilization of MBs on these surfaces is commonly realized
by biotin-(strept)avidin interaction, while covalent immobilization is generally
based on siloxane-based chemistry. Compared to microscope glass slides and optical
fibers, gold surfaces serve as supporting substrates and quenching agents. Other
than various bulk solid surfaces, MBs can also be immobilized on the surface
of solid nanomaterial support matrixes, taking advantage of the unique properties
of nanomaterials. As a result of surface effects, MBs on solid surfaces normally
suffer high background and reduced fluorescence enhancements, especially for
MBs immobilized on microscope glass slides. Therefore, different immobilization
techniques and surface treatment approaches have been tried to improve the
performances of surface-immobilized MBs.
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Even though the performance of surface-immobilized MBs has been significantly
improved by using the newly developed immobilization techniques and surface
treatment approaches, further improvement is still desired in the future. Moreover,
the use of functional solid supports other than gold surfaces will be an area of great
interest. Finally, the reaction thermodynamics and kinetics of surface-immobilized
MBs should be carefully and systematically investigated to better understand their
behavior on solid surfaces. The more that is known about how MBs behave on
solid surfaces, the greater the chance that surface-immobilized MBs with excellent
performance can be designed.
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Chapter 6
Functional Materials for Signal Amplification
of Molecular Beacons

Da Han and Weihong Tan

Abstract Rapid development of bioanalysis and biomedicine requires higher
sensitivity and selectivity of MBs. Functional materials are generally characterized
as those materials which possess particular native properties. In this chapter, we
focus on introducing the substantial progress in the development of using functional
materials to amplify the signals of MBs. The amplification effect is generated
through improving the target recognition and signal transduction processes of MBs.
The signal amplification mechanism, as well as the strengths and weaknesses
of different functional materials, such as metal materials, carbon materials, and
polymers, is explained in detail to facilitate the applications of MBs in the field
of chemistry, medicine, and biology.

6.1 Introduction

To achieve higher sensitivity and selectivity, various molecular engineering strate-
gies have been applied to improve the signal-to-background ratio of MBs. In the
past decade, substantial progress in the development of functional materials has
led to numerous effective and flexible ways to amplify the signals of MBs. The
combination of MBs and functional materials can improve the signals of MBs in the
following two ways. First, functional materials can improve the recognition ability
of MBs. Functional materials can participate in molecular recognition processes
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and increase the binding affinity between MBs and their cognate targets. This
might also be considered a functional synergism in which the combined effect of
two or more similar components exceed the sum of the effect of one component
used alone [1]. In addition, MBs with functional materials can generate polyvalent
effect which subsequently increases the local concentration of the probes, thus
improving the recognition ability of MBs. Furthermore, by improving the delivery
efficiency of MBs, functional materials also improve their sensing ability inside
biological systems. Second, functional materials can boost the signal transduction
process of MBs. Using suitable functional materials as reporters or quenchers,
the signal-to-background ratio of MBs can be enhanced by several orders of
magnitude. Specifically, functional materials can either decrease the background
signals in the absence of targets or increase readout signals in the presence of targets.
Consequently, from the viewpoint of both target recognition and signal transduction,
a combination of MBs and functional materials can lead to amplified signals, as well
as improved sensitivity and selectivity. In this chapter, we will focus on functional
materials, such as metal nanomaterials, carbon nanomaterials, and polymers, which
have been used to realize signal amplification of MBs in the fields of chemistry,
medicine, and biology.

6.2 Metal Nanomaterials

Over the past 20 years, nanotechnology has experienced extremely rapid devel-
opment. Metal nanomaterials of various sizes and shapes were synthesized and
characterized with different attracting optical, electric, and magnetic properties.
When coupled with MBs, those metal nanomaterials can induce synergistic effect
on the signal amplification of MBs by both increasing signal-to-background ratio
and improving stability.

6.2.1 Gold Nanomaterials

6.2.1.1 Gold Nanomaterials as Superquenchers

In order to have better signal-to-background ratio, MBs require various methods
of refinement. One possible solution is to choose suitable quenchers to effectively
suppress the fluorescence signal when MBs are in the “OFF” or closed state.
Traditional organic quenchers were found to have two potential problems. One is
low quenching efficiency, which means a small signal difference between the ON
and OFF states. Another problem is the limited use of organic quenchers that only
work with specific dyes. Both defects restrict the application of MBs.

The noble metal gold can be conjugated with various DNA biosensors based
on its biocompatibility and easy functionalization with biomolecules; moreover, it
possesses some unique optical and electronic properties, such as plasmonic effect
and fluorescent quenching ability. The special interaction between the mercapto
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Fig. 6.1 Schematic drawing of gold material-based MBs. (a) 1.4 nm AuNP-quenched MBs (b) Au
nanofilm-immobilized MBs (Reprinted by permission from Macmillan Publishers Ltd: Ref. [3],
copyright 2001. Reprinted with the permission from Ref. [6]. Copyright 2005 American Chemical
Society)

group and Au atoms facilitates the modification of gold nanomaterials with oligonu-
cleotides [2]. Gold nanoparticles can quench fluorescent dyes based on their
efficient absorbance of internal energy, transferred electrons, as well as long-range
resonant energy transfer, otherwise known as Förster (fluorescence) resonance
energy transfer (FRET), as explained in earlier chapters, from the fluorophores.
By applying gold nanoparticles, as the substitution for organic quenchers, to MBs,
using either covalent or noncovalent modification, the signal-to-background ratio
could be greatly improved. Dubertret et al. constructed the first AuNP-based MB
by attaching a fluorophore-tagged stem-loop probe at the surface of small AuNPs
(1.4 nm), which led to high quenching efficiency towards a wide range of organic
fluorophores (Fig. 6.1a). They found that the sensitivity of these AuNP-based MBs
could be increased 100 times, compared with conventional organic dye-quencher
beacons. In addition, the ability of MBs to discriminate single-base mismatch is also
enhanced by ten times [3]. Later on, larger-sized gold nanoparticles (13 nm) were
functionalized with MBs to explore higher quenching efficiency and improve signal
output. The higher conjugation density of MBs at the surface of larger-sized AuNPs
can also increase the recognition ability of MBs through probe enrichment, which
generates signal amplification for target molecules [4]. However, even though larger
amounts of MBs could be carried on larger-sized AuNPs, further study exploring
these larger AuNPs (50 nm) revealed their unsuitability for amplifying signals by
the undesired quenching effect on the “ON” or open state [5].

Besides different sizes, gold materials with various morphologies were also
introduced to improve the sensitivities of MBs. Gold films were used to quench
the fluorescence of the MBs by Krauss et al. [6]. In their design, (Fig. 6.1b) MBs



94 D. Han and W. Tan

were immobilized on gold film, which is not only a quencher but also a supporter.
The fluorescence intensity of MBs could increase up to 100 times when binding to
their targets. In addition to gold film, gold nanowire was demonstrated to exhibit
unique enrichment effect and outstanding quenching efficiency for MBs [7]. This
research speeded up the development of microarray-based MBs systems.

6.2.1.2 Gold Nanomaterials as Carriers

MBs can be used for intracellular mRNA detection and visualization [8]. Upon
intracellular hybridization with the target RNA, MBs are switched to the “ON”
state. This event results in fluorescence emission attributable to the intracellular
presence of mRNA. However, the applications of MBs in visualizing and detecting
intracellular mRNA are limited by the lack of an efficient delivery system. Without
an effective carrier, MBs suffer from low uptake efficiency and considerable cellular
enzymatic degradation, which lead to a high background signal, as well as a
decreased ability to specifically detect target structures inside the cells. To improve
this situation, gold nanomaterials have been demonstrated to be an excellent
nanocarrier for intracellular delivery since gold nanomaterials (1) have low toxicity
and are biocompatible with appropriate surface modifications, (2) can be effectively
internalized into cells through endocytosis, and (3) can effectively prevent intracel-
lular enzyme digestion to the surface-functionalized biomolecules, such as DNA
or peptides [9]. Also, MBs conjugated with gold nanocarriers were designed to
perform more sensitive and selective intracellular target recognition [10]. In this
study, a hairpin DNA structure (MBs) consists of a 50 thiol followed by a 10-base
polythymine linker sequence and a stem-loop-stem sequence with a fluorophore at
its 30-end. The loop region is designed to hybridize with specific mRNA sequences
of respiratory syncytial virus (RSV) which are in infected mammalian cells (HEp-2).
After incubating the AuNP-MBs with live cells, high internalization efficiency
and obvious signal differences for infected and uninfected cells were observed
from the fluorescent microscopy images (Fig. 6.2). Consequently, in the context
of cellular applications, it was demonstrated that the combination of MBs and gold
nanomaterials could lead to better spatial intracellular localization and visualization
effect on target molecules, thereby increasing the sensitivity of MBs.

6.2.2 Silica Nanomaterials

With some unique properties, such as biocompatibility, well-defined morphology,
and versatile groups for further biomolecular functionalization, silica nanomaterials
have been widely employed in biological applications [11]. Silica nanomateri-
als have been demonstrated to have unique advantages when combined with
biomolecules for bioanalysis [12–14].

Fluorescent silica nanoparticles have emerged as promising fluorescent probes
and have attracted widespread interest in biology and medicine [12–14]. Fluorescent
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Fig. 6.2 Intracellular uptake and fluorescence emission of AuNP-functionalized MBs. (a) RSV-
infected cells (b) uninfected cells. Blue, nuclear counterstaining. Gold nanoparticle immunohis-
tochemical staining indicates that AuNP-MB complexes are internalized within (c) RSV-infected
HEp-2 cells or (d) uninfected cells. Uptake occurs irrespective of cell infection and the intended
target of hairpin DNA (Reprinted with the permission from Ref. [10]. Copyright 2010 American
Chemical Society.)

silica nanoparticles are fabricated by doping fluorescent dyes into the core part of
nanoparticles. The high encapsulation efficiency for organic dyes can be achieved
as a result of the intensely porous structures in silica, which subsequently amplify
the fluorescence signal approximately 104 times higher compared with single
fluorophore-labeled probes [15]. In addition, the fluorescent silica nanoparticles
have excellent photostability and water solubility. Consequently, by modifying hy-
brid fluorescent silica nanoparticles with functional oligonucleotides, the sensitivity
of those biomolecular probes can be greatly enhanced. For example, Tris(2, 20-
bipyridyl) dichlororuthenium (II) hexahydrate (RuBpy)-doped silica NPs (60 nm
in diameter, each containing >10,000 dye molecules) have been used as highly
sensitive and photostable labels in Affymetrix GeneChips technology [12]. Using
the RuBpy-doped silica nanoparticles as probes for ssDNA targets, a concentration
detection limit of 50 fM was achieved. This work demonstrated the ability of using
luminescent NPs as probes for commercial microarray systems, making them less
costly, more reproducible, and more sensitive than conventional methods.



96 D. Han and W. Tan

Fig. 6.3 Structure of the magnetic silica nanoparticles. (a) Schematic representation of a MB-
functionalized core-shell magnetic silica nanoparticle: (1) magnetic nanoparticle; (2) silica layer;
(3) biotin-avidin linkage; (4) molecular beacon DNA probe. (b) TEM image of a silica-coated
magnetic nanoparticle. The diameter is in the range of 28 nm (Reprinted with the permission from
Ref. [16]. Copyright 2003 American Chemical Society.)

Magnetic silica nanoparticles represent another important hybrid material which
can be used for amplifying signals of MBs. The core of this magnetic nanoparticle
is made of iron oxide which can be used for separation. The shell part is silica which
allows for the conjugation of various biomolecular probes (Fig. 6.3b). Through mag-
netic separation, the target molecules can be enriched at the surface of particles and
thus improve the sensing ability of MBs. Zhao et al. used this MB-functionalized
core-shell magnetic silica nanoparticle complex to collect, separate, and detect
trace amount of DNA/RNA (Fig. 6.3a). The highly efficient collection ability and
effective signal restoration of this MBs-nanoparticle complex lowered the detection
limit of DNA/mRNA samples down to femtomolar (10�15 M) concentrations [16].

6.2.3 Quantum Dots

Quantum dots (QDs) are a group of semiconductor materials which possess unique
photophysical properties [17]. For instance, the high fluorescence quantum yields
and stability of QDs improve sensitivity and prolong lifetime in their use as optical
labels. Their size-controlled luminescence permits the use of QDs as fluorescence
tags for multiplex analysis. Meanwhile, broad absorption bands allow exciting
different QDs at a common wavelength simultaneously while imaging. Furthermore,
QDs are stable against photobleaching. Compared with traditional organic dyes,
including, for example, the family of Rhodamine chemical compounds, semicon-
ductor QDs are approximately 2 orders of magnitude brighter, 100 times stable
against photobleaching, and one third as wide by spectral linewidth [18]. More
importantly, QDs are water soluble and biocompatible. All those properties make
QDs excellent nanomaterials for biosensing applications [19, 20].
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Fig. 6.4 Schematic illustration of QD-based MBs and their sensing principle (Reproduced from
Ref. [19] by permission of John Wiley & Sons Ltd.)

QDs are easily modified with biomolecules, such as oligonucleotides and
antibodies. Among those molecules, QDs integrated with functional nucleic acids
result in a new category of probes for molecular recognition and biosensing. Cady
et al. developed several QD-based MBs for DNA-based detection [21]. Compared
with traditional MBs with organic dye as fluorophore, QD-based MBs employ QDs
as the source of luminescence (Fig. 6.4). The MBs are covalently conjugated to
QDs mainly through two methodologies. One is coupling amino linker-modified
MBs with carboxyl-functionalized QDs. The other employs the interaction of
streptavidin-biotin modified on QDs and MBs, respectively. The streptavidin-biotin
pairs were found to have higher FRET efficiencies compared with amine-carboxyl
pairs [22]. Various quenchers have been used to suppress the fluorescence of QDs in
QD-based MBs. For example, CdSe/ZnS QDs were linked to the 50-end of a hairpin
nucleic acid that included the quencher molecule 4-(40 dimethylaminophenylazo)
benzoic acid (Dabcyl) at the 30-end. Similarly, CdSe/Zns QDs were conjugated to
hairpin DNAs which were linked at the other ends to the Black Hole Quencher-
2 (BHQ2) units. Both QDs-quencher pairs were demonstrated to be effective and
have long-term stability. They showed high target discrimination upon hybridization
with the complementary target DNA, single-base mismatched target DNA (SMT),
and nonspecific DNA (NST). A 90 % fluorescence intensity increase was observed
in the presence of complementary target DNA relative to the system that included a
nonspecific target DNA [23, 24].

Because of their broad absorption bands, QDs can be used for multiplex target
detection with different fluorescent emissions excited simultaneously. By coupling
different MBs with QDs of different sizes, different target molecules could be
recognized at the same time. This strategy greatly improved the throughput of
MBs, realizing, in turn, rapid and sensitive detection. Similar to other metal
nanomaterial-modified MBs, QDs can also perform as concentrators to amplify
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the target signals by confining several target molecules in a nanoscale domain.
Zhang et al. demonstrated the excellent performance characteristics of a QD-FRET
nanosensor for DNA detection with ultrahigh sensitivity, excellent selectivity, and
great simplicity [25]. The detection limit of their nanosensing system is 100-fold
greater than conventional FRET probe-based assays as monitored by confocal
fluorescence spectroscopy. In addition, with strong antiphotobleaching properties,
QD-based MBs are stable in complex environment, which means they will be very
good candidates for intracellular imaging [25].

6.3 Carbon Materials

6.3.1 Carbon Nanotubes

Carbon nanotubes (NTs) are hollow cylindrical tubes which are made of one or more
concentric sheets of sp2 carbons with diameters ranging from 1 to 100 nm [26].
According to their different structures, NTs can be classified as single-wall carbon
nanotubes (SWNTs) and multi-wall carbon nanotubes. With promising mechanical,
electrical, and optoelectrical properties, NTs have been termed as “materials of the
twenty-first century.”

SWNTs are made of one graphene sheet with narrow diameter ranging from 0.4
to 3 nm. It has been reported that semiconducting SWNTs have sharp densities of
electronic states at the van Hove singularities, which is a kink or “discontinuity” in
the density of states (DOS) of a solid, leading to unique optical properties, such as
near-IR absorption and photoluminescence [27]. As a result, SWNTs have been ex-
ploited for the applications of photothermal therapy [28, 29] and biological imaging
[30, 31]. Recently, SWNTs were demonstrated to be extremely effective quenchers
for fluorophores, including organic dyes and fluorophore-labeled biomolecules
[32]. Basically the energy-transfer and electron-transfer processes occur between
the fluorophores and SWNTs which can deactivate the fluorescence emission
process. In particular, SWNTs have an absorption spectrum spanning a wide range
of wavelengths (500–900 nm), significantly overlapping the photoluminescence
spectra of various fluorophores. This allows FRET to occur. Consequently, if
coupled with recognition molecules, SWNTs can be applied as effective quenchers
for the detection of various targets.

Single-stranded DNA (ssDNA) has recently been demonstrated to interact
noncovalently with SWNTs [32]. ssDNA molecules can wrap around the surface
of SWNTs through 	-stacking interactions between the nucleotide bases and the
carbon rings of SWNTs. This adsorption between ssDNA and SWNTs is strong
and therefore effectively quenches the fluorescence if fluorophores are labeled
on ssDNA. Absorbance between double-stranded DNA (dsDNA) and SWNTs
was reported to be significantly weaker than that of ssDNA by the competing
hybridization between nucleotide bases and their complementary bases. Based on
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Fig. 6.5 (a) Comparisons of the signal-to-background ratio (S/B) of the fluorescent oligonu-
cleotides generated by their perfectly complementary target in the absence (grey bars) and
presence (black bars) of SWNTs: (1) Conventional MBs; (2) One-fluorophore-labeled MBs; (3)
One-fluorophore-labeled linear probe. (b) Effects of temperature on conventional MBs and SWNT-
based MBs. line a. conventional MBs; line b. SWNT-based MBs (Reprinted with the permission
from Ref. [32]. Copyright 2008 American Chemical Society.)

the different binding abilities of ssDNA and dsDNA with SWNTs, a new set of
SWNTs-ssDNA complex biosensors was developed, and these biosensors were
demonstrated to have better signal-to-noise ratio compared to MBs.

Yang et al. first developed the use of self-assembled quenched complex of
fluorescent ssDNA and SWNTs as an efficient substitution of MB that can flu-
orescently detect single-nucleotide variations in DNA in homogeneous solution
[32]. In their design, ssDNA or MB molecules wrap around the individual SWNTs
through  -stacking interactions between the nucleotide bases and the carbon rings
of SWNTs. As mentioned before, the excellent quenching ability of SWNTs ensures
a low background fluorescence signal in the initial state. In this way, only one
end of ssDNA or MBs needs to be labeled with a fluorophore, which simplifies
the design and synthesis of ssDNA or MBs. In the presence of target molecules,
which can hybridize with ssDNA or MBs to form dsDNA, the fluorescence
quenching was suppressed, resulting in large fluorescence enhancement from the
low affinity between dsDNA and SWNTs. Compared with dual-labeled MBs, the
signal-to-background ratio was improved by ten times with the presence of SWNTs
(Fig. 6.5a). Moreover, the thermostability of SWNT-MB complexes is superior to
that of conventional MBs. Meanwhile, the background fluorescence intensity of
SWNT-MB complexes remained stable at temperatures ranging from 15 to 85 ıC,
while that of regular MBs started to increase at 30 ıC (Fig. 6.5b). Consequently,
studies involving the SWNT-quenched fluorescent oligonucleotides provide insights
into improving the performance, thermostability, and S/Bs of MBs, which are now
widely used in many areas of research.

Intracellular mRNA detection is one of the most important applications for MBs.
Traditional MBs suffer from such drawbacks as false signals coming from unspecific
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binding with intracellular proteins and high background signals generated by
cellular enzyme digestion. SWNTs can provide an efficient delivery carrier to shuttle
oligonucleotides into cells. Furthermore, SWNTs can protect against nuclease
digestion or single-strand binding protein interaction of MBs. Wu et al. used
the SWNT-based MBs to detect the manganese superoxide dismutase (MnSOD)
messenger RNA in living cells [33]. Their results indicated that MB molecules
were well protected by SWNTs from cleavage, even after an incubation of 1 h
with DNase, an enzyme which can unselectively cleave ssDNA or dsDNA. After
incubation of the SWNT-MB complex, the target cells exhibited a high fluorescence
signal, while little fluorescence was emitted for the non-target cells. Therefore,
SWNT-based MBs with self-delivery capability and intracellular biostability are a
significant improvement over traditional MBs for in vivo studies.

In conclusion, SWNTs can realize superior signal amplification for MBs for
the following reasons. First, fluorophores can be effectively quenched by SWNTs;
as reported, more than 98 % quenching efficiencies were observed. This greatly
lowers the background signal and thus increases the S/B ratio of MBs. Second,
SWNTs can effectively protect the oligonucleotides against enzymatic digestion,
which subsequently improves the performance of MBs in intracellular applications.
Finally, SWNTs can lower the false signals generated by nonspecific binding
between MBs and ssDNA proteins in a cellular environment.

6.3.2 Graphene Oxide

Graphene is a single atom-thick and two-dimensional carbon material. As an
extremely attracting functional material with remarkable electronic, mechanical,
and thermal properties, graphene was termed as a “twenty-first-century material”
similar to carbon nanotubes. Graphene oxide (GO) is an atomically thin sheet
of graphite that has traditionally served as the precursor for graphene. Compared
with graphene, GO is insulating and defective which disqualifies this material for
certain applications in the view of physicists. However, because of its heterogeneous
chemical and electronic structures, along with the fact that it can be processed in
aqueous solution, chemists are increasingly drawn to GO [34].

Structurally, GO is an electronically hybrid material that features both conducting
	-states from sp2 carbon sites and a large energy gap (carrier transport gap) between
the � -states of its sp3-bonded carbons. Meanwhile, the presence of large numbers
of oxygen-containing functional groups, such as carboxyl, epoxide, and hydroxyl
groups on the GO surface, makes GO extremely hydrophilic and able to be dispersed
into single sheets in water and polar organic solvents [34]. Similar to SWNTs, GO
can also quench fluorescence generated from dye molecules absorbed on its surface.
Combining the two properties of hydrophilicity and fluorescent quenching, GO has
been used as a substitute for SWNTs for the design of biosensing platforms [35, 36].

The presence of ionic groups and aromatic domains suggests that GO can
interact with biomolecules in a number of ways. Ionic groups, such as O- and
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Wiley & Sons Ltd.)

COO– that decorate the planes and edges of GO, allowing electrostatic interactions
with charged proteins and deoxyribonucleic acid (DNA), while the aromatic scaffold
provides a platform for 	-stacking and quenching of dyes. In addition, those ionic
groups also allow the covalent modification of sensing molecules on the surface
of GO. Towards this end, florescence quenching has been used as the basis of GO
optical sensors for sensing ssDNA and other biomolecules. The combination of MBs
and GO for sensing started in 2009. By absorbing MBs on the GO surface, Lu et al.
have demonstrated that the sensitivity can be improved for probing ssDNA targets
compared with traditional MBs [37]. MBs labeled with Cy5 and FAM fluorophores
were incubated with GO individually. The quenching efficiencies were found to be
99.3 and 99.1 % for those two dyes, respectively, values which are superior to those
of any other functional materials mentioned above. Against 250 nM concentration
of target molecules, the fluorescence signal increased 35 times for FAM-labeled
beacon-GO complex, while that of conventional MBs increased only 18 times
(Fig. 6.6a). Those GO-based MBs also possessed other advantages for ssDNA
detection, such as sensitive detection (detection of limit: 5 nM) (Fig. 6.6b), ability to
discriminate single-base mutations, and fast fluorescence restoration kinetics. Later
on, Fan et al. incubated MBs or ssDNA having various fluorophores with GO and
used those complexes to simultaneously detect a set of ssDNA targets [38]. Three
ssDNA targets were demonstrated to be detected in homogeneous buffer solutions.
This strategy, to some extent, amplifies the use of GO-based MBs for multi-color
detection.

To explain why GO is proficient at signal amplification, several statements can
be made. First, the two-dimensional sheet of GO is equipped with a range of
functional groups that can interact in an ionic, covalent, or noncovalent manner
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so that, in principle, it provides the highest extraction efficiencies of biomolecules
per unit area of virtually any material. Second, the exceptional quenching ability
of GO significantly lowers the background signals of MBs (even lower than those
of SWNT-quenched MBs) even lower than those of SWNT-quenched MBs. Finally,
the allowance of multiple target detection improves the throughput of MBs, which,
to some extent, also amplifies the final signals.

6.4 Polymers and Other Functional Materials

6.4.1 Polymers

Polymers are macromolecules composed of repeating structural units. As func-
tional materials, generation of polymers with well-defined monomer sequences
and dispersity, as well as complex functions, are always the most exciting goals
for chemical synthesis. Block copolymers, especially those containing biological
macromolecules, represent an important step towards achieving this goal [39].
Through combining various macromolecules with different functions, synergistic
effects can be achieved with broad applications. DNA itself is among the most
extensively studied biomacromolecule. When coupled with polymers, the unique
self-recognition properties of DNA, as well as the unique functions of poly-
mers, allow direct application in, for example, drug delivery [40] and sensitive
detection [41].

The discovery of some fluorescent polymers prompted their use in sensitive
detection with MBs. For instance, poly (phenylene ethynylene) (PPE) is a water-
soluble polyelectrolyte with a high quantum yield. A single PPE chain contains
several monomers which can generate much higher intensity of fluorescence than
conventional organic dyes. At the concentration of 10 nM, it was demonstrated
that PPE is about 20 times brighter than Cy3 and six times brighter than Alexa
Fluor 488 [42] (Fig. 6.7b). In addition, PPE can be effectively quenched by some
organic quenchers, such as dabcyl. With such excellent sensing properties, a single
PPE chain was used as a fluorophore with dabcyl as a quencher (Fig. 6.7a). This
configuration increased the sensitivity of MBs, enabling them to discriminate single-
base mutations. Later on, another PPE-based MBs was developed to broaden the
applications of polymer-functionalized MBs for the sensitive detection of target
ssDNA [43]. In their design, the combination of twin probe and conjugated polymer
(PPE) molecular beacon architectures was realized by attaching two stem-loop
structures with terminal quenchers to the two ends of a negatively charged PPE
polymer. At target concentrations of 4 �M, the fluorescence signal from the
conjugated polymer was two orders of magnitude higher than the signal achieved
with a noncomplementary sequence, which greatly amplified the signal of MBs.

Conjugated polyelectrolytes (CPs) are another category of polymers which
were coupled with MBs to realize sensitive and selective DNA detection. These
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conjugated polyelectrolytes can collect and concentrate a large number of absorbing
units, which are, in this case, MBs, and then transfer the excitation energy along
the backbone to reporter chromophores in MBs, resulting in signal amplification
of fluorescence signals [44]. MBs with fluorescein as fluorophore were incubated
with a solution containing conjugated polyelectrolyte (PFP-NMe3

+) and ethidium
bromide (EB). The electrostatic interactions between MBs and PFP-NMe3

+ can
generate FRET from PFP-NMe3

+ to fluorescein. When target DNA was introduced
to the system, MBs can be opened to form double-stranded DNA with EB interca-
lated. EB is a specific intercalator of dsDNA. A two-step FRET then happened, first
from PFP-NMe3

+ to fluorescein and then from fluorescein to EB. By monitoring the
emission signal from EB, target DNA could be detected. Based on their results, a
single-nucleotide mismatch could be clearly detected in target DNA in 150 s.
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6.4.2 Other Functional Materials

In addition to polymers, some other molecules were demonstrated to improve the
sensitivity of MBs. Asanuma et al. developed an artificial dye molecule called
threoninol nucleotide which can intercalate into the stem of MBs [45]. The
threoninol nucleotide can be further modified with fluorescent perylene and present
as pseudo base pairs in MBs. Their data showed that this artificial dye molecule
can suppress the background signal of MBs effectively, resulting in sensitive
discrimination of single-nucleotide mismatch. Soper et al. conjugated the novel
near-IR dye metallophthalocyanines (Pcs) on both the 50-end and 30-end of MBs
[46]. The Pcs can self-quench each other while in closed state but will generate near-
IR fluorescence when opened by target DNA. These properties of Pcs can increase
the photostability of reporting fluorophores in MBs to prolong observation time in
imaging applications and conducting assays in the near-IR to avoid the otherwise
significant autofluorescence.

6.5 Conclusions

As an effective approach to optimize both target recognition and signal transduction
processes, the use of functional materials to improve the performance of MBs has
become an effective research model to achieve higher sensitivity and selectivity
in bioanalysis and biomedicine. However, most of the advances for functional
material-MB combinations, as presented in this chapter, are in vitro studies, with
some problems still remaining for the use of these complexes in in vitro studies.
For instance, the potential toxicity of a large amount of functional materials to
the human body is still not clear, which slows down the clinical development of
functional material-based MBs. Moreover, the performance of some functional
materials might be less effective in a complex environment, especially in living
systems, thus depressing the effectiveness of MBs in vitro. To overcome these
challenges, more studies need to be done to understand the properties of functional
materials, including how those materials interact with MBs and what the materials
do inside the bodies. By successfully solving those problems, functional material
coupled with MBs will expand their scope of applications.
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Chapter 7
Engineering Molecular Beacons
for Advanced Applications

Mingxu You, Chaoyong James Yang, and Weihong Tan

Abstract As nucleic acid-based probes, molecular beacons (MBs) have shown
promising applications in genetic screening, biosensor development, and single-
nucleotide polymorphism detection. The chemical nature of nucleic acids also
allows easy synthesis and modification of MBs. As a result, there have been
various feasible ways to engineer MBs with advanced bioavailability (e.g., stability,
sensitivity, and selectivity in complex environments), regulating ability, and multi-
functional properties. In this chapter, recent advances in rational design and novel
functionalization of molecular beacons are described. The chapter is divided into
three parts covering engineering efforts in the loop region, the stem region, and the
reporting region of MBs, respectively. Rational engineering pathways to boost the
performance of MBs, expand the ability of MBs for more nongene target detection,
and equip them with adjunctive functions are investigated. The broad spectrum
of MB engineering and applications is paving the way for the future evolution of
bioanalytical and biomedical developments.
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7.1 Introduction

While molecular beacons (MBs) have been engineered for multiple applications
since their discovery in 1996, many challenges and opportunities lie ahead to
optimize their performance and extend their functions, particularly for intracellular
applications. Current molecular engineering of MBs has focused on generating MB
probes with high sensitivity, eliminating false-positive signals, and enhancing intra-
cellular stability and development of regulatable probes for biomedical applications.

For target sequences with a very low copy number, such as found in a single
living cell, the sensitivity of conventional MBs is often insufficient for adequate
detection. As a result, most applications of MBs have been limited to abundant
or stimulated gene target reporting [1, 2]. Since the sensitivity of MBs depends on
the signal-to-background ratio in the presence of the target, it could be improved
by optimizing the reporting system to enhance either quenching efficiency (closed
state) or fluorescence intensity (open state). Some nonfluorescent signals could
also be employed to develop sensitive probes. Examples demonstrated so far
include phosphorescence, chemiluminescence, or employing electrochemical and
absorbance signals. Other than reporter modification, proper choice of stem and
loop regions can also be crucial, as efficient hybridization with the target will
enhance sensitivity, while close proximity of the dyes in the closed state will reduce
background signal.

The bioavailability of MBs, especially for in vivo applications, is hindered by
their susceptibility to nuclease-mediated digestion and the generation of false-
positive signals. Long-term, real-time gene monitoring in living cells using natural
nucleotides-based MBs is almost impossible, as MBs were shown to degrade
inside cells within around 45 min [3]. As a result, nuclease-resistant MBs must
be generated and employed for intracellular measurements. The nuclease-resistant
MBs developed by far mostly employ some nonnatural nucleotides within the
stem and loop regions. The most widely used examples include 20-O-methyl
derivatives [4, 5] and MBs based on locked nucleic acids (LNA) [3, 6]. Other issues
hindering bioavailability of MBs are nontarget gene binding and nonspecific protein
recognition, both of which lead to the generation of false-positive signals and inhibit
the availability of MBs toward their target genes. To address these problems, homo-
MBs [7], reverse-stem-MBs [8], and some nonnatural nucleotide MBs [9, 10] have
been engineered, and the detailed mechanisms will be discussed further below.

For molecular engineering of MBs, some novel areas of interest involve the
design of regulatable MBs and MBs capable of performing diverse functions. The
intercalation of chemical or physical triggers has assisted chemists and biologists to
fine-tune the functions of MBs or regain control over molecules, even in complex
environments. Given the ease of nucleic acid (especially DNA) synthesis and the
versatility of modification methodologies, MBs are also being explored for some
advanced biological applications. For example, in addition to their function as
signaling agents, more and more studies have demonstrated the therapeutic potential
of MBs, e.g., in photodynamic therapy (PDT) for targeted cancer treatment [11].
Thus, the rational engineering of nucleic acid MBs with multiple functions is
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interesting and meaningful, considering the efficient conversion of recognition
events into physically detectable signals as well as therapeutic outputs. Further
development in this direction could make use of their full potential to meet various
requirements of biological systems.

In this chapter, the current state of MB engineering methodologies in order to
optimize and extend their performance will be discussed. The chapter is divided
into three parts covering engineering efforts in the loop region, the stem region, and
the reporting region of MBs, respectively. The reader is reminded, however, that
even though different regions are considered separately here, different parts of the
MB often work together, and simultaneous and harmonious modifications are often
required to fulfill the desired engineering outcome.

7.2 Loop Region Engineering

MBs comprise a target-binding region (loop) flanked by two complementary stem
sequences, which are normally unrelated to the targeting sequence. Accordingly, the
thermodynamic and kinetic properties of MBs are, to a large extent, related to the
favorability of the loop-target hybridization event. As mentioned above, to avoid
problems associated with nuclease-mediated degradation, many chemically modi-
fied nonnatural nucleotides have been developed, including 20-O-methyl derivatives
[7, 8], phosphorothioate derivatives [12, 13], locked nucleic acids (LNA) [9, 10],
and peptide nucleic acids (PNA) [14–16]. These modifications are summarized in
Fig. 7.1.

One of the earliest attempts to improve the bioavailability of MBs involved 20-
O-methyl oligoribonucleotides, which offer good nuclease resistance in living cells.
In addition, these artificial nucleotides may also be desirable for hairpin structure

Fig. 7.1 Molecular beacon structures and engineering methodologies for different parts of MBs
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Fig. 7.2 Commonly used nucleotide modifications in MB structures

modification by eliminating the RNA degradation from RNase H, which would
otherwise occur upon hybridization of DNA probe with an RNA target in living
cells [7]. However, the strong 20-O-methyl nucleotide hybridization can decrease
the kinetics of the sensing event. In one interesting study, a chimeric beacon, with
a 20-O-methyl loop domain and a 20-deoxy stem, was used to address this issue of
slow hybridization rate in cell studies. Nonetheless, the applications of these 20-O-
methyl-modified MBs are still limited, since they can generate false-positive signals
in living cells. For example, in one study, nearly 50 % of the MBs opened within
a 24-h incubation period with cells, even though no target was present [17]. Rapid
nuclear sequestration was the suspected reason, since these beacons would localize
in the nucleus and lysosomal compartments after several hours of incubation. In
contrast, by linking to a moiety capable of escaping the nucleus (e.g., transfer RNA
(tRNA) [18], quantum dots (QDs), or NeutrAvidin proteins [19]), the MBs could be
retained within the cytoplasm, significantly reducing the occurrence of false-positive
signals. Phosphorothioate internucleotide linkages can also be used to improve
duplex stability and nuclease resistance. Combined with 20-O-methyl modification,
the derived MBs allowed real-time monitoring of the cell-to-cell spreading of viral
infection and did so with decreased false-positive signals [16]. However, by using
phosphorothioate derivatives, some studies have shown that backbone modification
can occasionally result in toxicity; therefore, these applications have not been fully
developed [20] (Fig. 7.2).

Some modified MB structures also employ locked nucleic acid (LNA) bases,
which contain a methylene bridge connecting the 20-oxygen of ribose with the
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40-carbon. LNA bases have advantages over natural nucleic acids (DNA) for
MB construction, as a result of the high target binding affinity, excellent base
mismatch discrimination capability, and greatly improved nuclease resistance [21].
Duplexes involving LNA, hybridized to either DNA or RNA, display a large increase
in melting temperature, ranging from C3.0 to C9.6 ıC per LNA modification,
compared to the corresponding unmodified polynucleotide. The selectivity of MBs
can be further enhanced by using an LNA backbone, which is very crucial in
single-nucleotide polymorphism (SNP) studies. However, it is also worth noting
that the hybridization kinetics of LNA-MBs can be relatively slow. Similar to 20-O-
methyl/20-deoxy chimeric MBs, DNA/LNA chimeric MBs could also potentially
solve this problem. Yang et al. studied the effect of DNA/LNA ratio on the
thermodynamics, hybridization kinetics, and enzymatic resistance of MBs [3]. It
was found that the hybridization rates of LNA-MBs were significantly improved
by lowering the DNA/LNA ratio in the probe. A shared-stem MB with a 4-base-pair
stem and alternating DNA/LNA bases is desirable for intracellular applications, as it
ensures reasonable hybridization rates, reduces protein binding, and resists nuclease
degradation for both target and probes. Furthermore, this type of DNA/LNA
chimeric MB [22] was tested with MDA-MB-231 cancer cells to monitor mRNA
expression levels in real time for 5–24 h, and it showed extremely high bioavailabil-
ity. Even after 24 h inside living cancer cells, these LNA-MBs were still functional.

Various groups have also investigated neutral peptide nucleic acids (PNAs) as
a scaffold for MBs. With the absence of repeating charges, PNAs are believed to
escape degradation by nucleases, and, similar to LNA, PNA-RNA conjugates were
normally more stable compared to DNA-RNA or RNA-RNA duplexes [18]. It seems
that PNAs may be desirable for MB modification. However, the neutral backbone
also creates some undesirable properties, such as the well-documented propensity
to self-aggregate [23]. Since the environmental conditions inside living cells do not
allow optimum solubility of PNAs, intracellular applications of PNAs are still quite
limited. Moreover, since the physical properties of PNAs can change substantially
and unpredictably with only small changes in sequence [24], PNA-based MBs might
be relatively difficult to manipulate.

The loop domain of MBs is typically used as the target-binding region; however,
the generality of the MB approach has always been limited to the detection of
oligonucleotide-binding targets. Partially inspired by PNA-MBs, polypeptide-based
MB analogues have also been developed to extend the scope of application for MBs
[25–28]. Such peptide-based beacons could report the binding (or dissociation) of
protein targets using fluorescence intensity changes. However, the development of
such peptide beacons has been hampered because stable stem-loop structures are
not formed by pure polypeptides. The Seitz group synthesized some hairpin peptide
beacons (HPB) [29], which consisted of a central, target-specific peptide sequence
(loop) flanked by two PNA arm segments (stem) (Fig. 7.3a). These HPBs featured
a stable hairpin structure that could signal the presence of the target protein by
an 8- to 11-fold fluorescence increase, much larger than the signal enhancement
of traditional peptide beacons. Through the incorporation of peptides with nucleic
acids, these examples show that the biological properties of both moieties can be
extended and optimized.
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Fig. 7.3 Loop region engineering: (a) PNA-stem, peptide-loop beacon for protein targeting;
(b) aptamer-switch probes for nongene target recognition

Instead of functioning as a target-binding region, the loop domain of MBs can
also be simply used as the linker. In one study [30], a polyethylene glycol (PEG)
linker was used to connect an aptamer and a short DNA sequence complementary to
part of the aptamer. By utilizing the strong and fast intramolecular interactions, such
aptamer-switch beacon probes could be used to detect target molecules, such as ATP
or human ˛-thrombin, with high sensitivity and prompt response (Fig. 7.3b). As
demonstrated by all of these examples, advances in engineering the loop regions will
both increase the bioavailability of the hairpin structures and broaden the potential
targets and functions of MBs.

7.3 Stem Region Engineering

The stem region of an MB functions as a “lock” to maintain the closed hairpin
structure in the absence of target. Upon hybridization between the loop and its com-
plementary target, the MB undergoes a conformational change from hairpin to linear
structure, resulting in increased fluorescence. However, false-positive signals can
arise from unwanted opening of the hairpin, mainly from thermal fluctuations and
stem invasions. Thermal fluctuations include conformational changes between the
hairpin and other thermodynamically possible nonhairpin structures by unwanted
intramolecular hybridization between the stem and part of the loop. Stem invasion
refers to undesired intermolecular interactions between stem sequences and their
complementary sequences, while, ideally, molecular recognition events only occur
between the loop region and its complementary target. These problems with the
stem region can result in a high background signal and poor analytical selectivity. In
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Fig. 7.4 Stem region engineering to avoid stem invasion: (a) Hairpin inversion probes with 30–30

and 50–50 junctions; (b) homo-stem MB with Hoogsteen A-A base pairs

order to circumvent these hindrances, various stem modification methods have been
developed, with the intention of maintaining stem-stem hybridization while at the
same time inhibiting stem-loop and stem-target interactions.

An early attempt in this direction incorporated inversion linkages into the probe
backbone, usually by 30–30 and 50–50 junctions, resulting in the sequence polarity
of stem arms opposite to that of the flanking target sequences (e.g., 30 ! 50 stem
and 50 ! 30 loop, as shown in Fig. 7.4a) [12]. The so-called hairpin inversion probe
(HIP) precludes potential interactions between the stem arms and the flanking target
sequences; moreover, the loop sequence is less likely to influence the stability of
the stem sequence, due to the discontinuity in the nucleic acid array. Although they
demonstrated some success, the usefulness of these MBs is limited. On one hand,
stem participation is still not principally excluded, and on the other hand, a longer
stem is required, causing sticky-end-pairing problems and complicated syntheses.
Shortly after this study, Crey-Desbiolles et al. developed MBs with a homo-DNA
stem (Fig. 7.4b) [11]. An orthogonal DNA analog that does not hybridize with
natural nucleic acids was used for stem construction. These homo-DNAs could
form stable, antiparallel duplexes with themselves and could be easily prepared by
standard automated phosphoramidite chemistry for DNA synthesis. By employing
nonnatural nucleic acids, these MBs could theoretically be superior to hairpin
inversion probes in avoiding stem invasion and thermal fluctuation.

Using a similar strategy, Sheng et al. incorporated an artificially expanded genetic
information system, termed AEGIS [10], into the stem of MBs, thereby eliminating
unwanted stem invasion at lower cost [14]. In another meaningful trial to optimize
the stem of MBs, Kim et al. created an MB with a nonnatural enantiomeric DNA
(L-DNA)-incorporated stem domain and natural D-DNA-incorporated loop domain
(Fig. 7.2) [9]. L-DNA is attractive in this application because it does not interact
with D-DNA by the chirality difference. Moreover, it is quite simple to incorporate
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L-DNA into other nonstandard bases, such as 20-O-methyl derivatives. Taking
advantage of these features, the L-DNA stem strategy has been demonstrated as a
simple, direct, and effective way for optimizing the stem region of MBs with desired
sensitivity and stability.

Once the stem is formed, however, there is no means to alter its selectivity
and sensitivity, in order to meet some specific needs, posing a key engineering
obstacle. One way of overcoming this problem is the development of regulatable
MBs. The Seitz group, for instance, developed a triplex MB [29] to enable precise
modulation of the conformational constraint. Instead of relying only on inflexible
traditional Watson-Crick hydrogen bonding between natural DNA base pairs, a
PNA oligonucleotide was designed to bind with two poly-(T) arms in the stem
region. Through Watson-Crick hydrogen bonding and Hoogsteen base pairing [31]
(Fig. 7.5a), the PNA oligonucleotide allows tuning of the molecular beacon’s
properties. As expected, melting temperatures of the triplex stem MB increased with
increasing PNA strand lengths. The additional opportunity for incorporating more
fluorophores or quenchers into the end reporting system could be another merit of
these triplex MBs for improved probe sensitivity.

Taking advantage of metal-dependent pairing of two nucleobases (T-Hg2C-T),
Yang et al. developed an MB whose target-binding properties could be controlled
by Hg2C ions [32], which could selectively bind between two thymine (T) bases
and promote these T-T mismatches to form stable T-Hg2C-T base pairs (Fig. 7.5b).
At low Hg2C concentration, rapid kinetic response of the MB was achieved; in
contrast, decreased background fluorescence, but reduced hybridization rate, was
observed at high Hg2C concentration. The Hg2C concentration could be adjusted
to make the MB work properly at different temperatures with the desired kinetic
response and selectivity. Moreover, these Hg2C-controlled MBs resist both nuclease
digestion and single-stranded binding protein (SSB), making them desirable for
sensor development. As an example, Lin et al. have used this type of MB to detect
single-nucleotide polymorphisms with high sensitivity and selectivity [33].

Another method uses cation concentrations to regulate the properties of MBs and
involves G-quadruplex motif incorporation into the stem region (Fig. 7.5c) [34].
Both monovalent and divalent cations (e.g., KC, NaC and Mg2C) can be used in this
type of MB. Mismatch discrimination could be achieved at lower temperatures and
over a larger temperature range compared to MBs based solely on duplex formation.
An interesting application of this type of quadruplex-MB is the recently developed
DNAzyme MB [35]. Two separate oligonucleotides that self-assemble into a G-
quadruplex structure with hemin were employed as the catalytic unit for generating
amplified signals. Without terminal dye modification, this new colorimetric DNA
detection system could achieve a detection limit of 1 pM, 3–5 orders of magnitude
lower than that of normal DNAzyme MB detection methods. However, the long
stem sequences may participate in nonspecific target binding, indicating that these
quadruplex MBs still require some improvements.

In addition to utilizing the regulatory effects of different concentrations of
molecular stimuli, the design of MBs responsive to external physical triggers
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Fig. 7.5 Stem region engineering: (a) Triplex MBs based on T-a-T interactions;
(b) Hg2C�controlled MBs based on T-Hg2C�T interactions; (c) cation-regulated G-quadruplex
MBs; (d) caged MBs activated by light irradiation

is another promising direction for engineering. For example, functionalization
of MBs with photoresponsive groups could provide exact temporal and spatial
control over the functions of MBs. Compared with a chemically triggered response,
photoregulation enables remote control of the timing, location, and intensity of the
light “dosage,” and it minimizes the adverse effects of other chemical components.
The Yang group has realized this idea by developing “caged” MBs (Fig. 7.5d) [36].
In this design, biotin-avidin interaction or triazole linkages were utilized to lock
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the MBs’ stems via a photocleavable linker (PC-linker) bearing an o-nitrobenzyl
moiety. Opening of the “cage” by seconds of UV irradiation efficiently recovered
the target binding affinity of the MBs. Besides photoinduced regulation, the design
of other external triggers, even multiple triggers, can be a promising direction for
future MB engineering.

7.4 Reporting Region Engineering

Generating highly sensitive MB probes can be a complex undertaking. Conventional
MBs use organic fluorophores and quenchers, such as fluorescein or dabcyl. The
beacon’s sensitivity can be improved by either reducing the background signals in
the closed hairpin state or increasing the fluorescence intensity of the open state. In-
corporation of so-called superquenchers [37], which are actually assemblies of mul-
tiple quenching events, was one of the first ways to reduce background signals. After
that, copper (Cu2C)-quenched [38], guanine base (G)-quenched [39], or nanoarchi-
tecture (e.g., gold clusters [40], single-walled carbon nanotubes [41], and graphene
oxide [42])-quenched MB structures were also developed. Similarly, the idea of
enhancing fluorescence intensity of the open state has inspired a novel MB design
using poly (phenylene ethynylene) (PPE) [43], quantum dots [44], and oligothio-
phene [45]. Readers interested in this research may refer other chapters of this book.

Some of the major drawbacks of conventional MBs based on fluorophore-
quencher pair are residual fluorescence from incomplete quenching and limited
sensitivity. To solve these problems, MBs with two fluorophores have been de-
signed, instead of using a fluorophore-quencher pair. The fluorescence resonance
energy transfer (FRET)-based MBs [46], excimer-monomer switching MBs [47],
and self-quenched dimer-based MBs [48] are the examples of these quencher-free
MB probes.

Other than multiple fluorophore labeling, quencher-free MBs were designed
using a monolabeled beacon structure via changes in the microenvironment of the
fluorophores [49]. Fluorescence quenching by nucleobases (normally G base) have
been reported previously, mostly via photoinduced electron transfer between the
nucleobases and the excited state of the fluorophore. However, other factors, such as
the changes in solvent polarity, hydrophobicity around the fluorophores, and the pH
of the media, must also be considered when designing quencher-free MBs. Taking
advantage of well-developed fluorescent nucleotide synthesis methods, probes like
HyBeacons [50], twin probes [51], and other base-discriminating fluorescent probes
[52–54] have been generated. In the presence of target sequences, these probes
display hybridization-induced fluorescence intensity changes. More importantly,
single-nucleotide polymorphisms can be easily distinguished using these mono-
labeled probes. Typically, fluorescently labeled nucleobases are required for this
application. Fluorophores, such as pyrene, anthracene, fluorescein, or Cy3, have
been incorporated with deoxy-bases, U bases, or LNA for this application by incor-
poration into different regions of MB structures, predominantly the loop part [53].
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In another interesting direction of study, these fluorescently labeled pseudo bases
were incorporated into the stem region of the beacon probe, forming a so-called
in-stem molecular beacon (ISMB) [55–58]. The fluorophore- and quencher-labeled
bases in these ISMBs function as pseudo base pairs, which stack together in the
middle of the stem domain in the closed beacon structure. As a result of the close
stacking, the background fluorescence intensity is greatly suppressed. In addition,
these interstrand dimers could be regarded as hydrophobically interacting base pairs
to further stabilize the duplex stem regions. In a recent example, electron-rich
pyrenes and electron-poor perylenediimides were synthesized into different stem
arms of the MB probes [59]. The stacking of these pseudo base pairs results in
very robust signal properties: high signal intensity, low background fluorescence,
and red-shifted emission. DNA target as low as 0.3 nM could be detected using this
beacon design.

Fluorescence detection is quite sensitive and functions as the typical signaling
method for MB recognition events. However, applications can be hindered by the
background signals from ubiquitous endogenous fluorescent components in the
biological environment. Meanwhile, issues such as photobleaching and blinking, as
well as toxicity, can also restrict applications. Nonfluorescence detection methods
have thus begun to gain some attention for MB engineering. For example, phos-
phorescence with a long emission triplet lifetime could be suitable for reducing
background signals, since an elongated delay time can avoid the influences of
short-lived background fluorescence and scattering light. Li et al. developed a
room-temperature phosphorescence-based MB [59], using a Eu3C complex of
chlorosulfonylated tetradentate ß-diketone and BHQ-2 quencher. More than 200-
fold signal enhancement was achieved in the presence of nanomolar target sequence,
as concentrations as low as 500 pM DNA could be directly detected in cell media.

Electrochemiluminescence (ECL), where the generation of optical signal is
triggered by an electrochemical reaction, can also be employed. Wang et al. built
a solid-state ECL film based on efficient ferrocene (Fc) quenching of ECL from
ruthenium (II) tris-(bipyridine) (Ru(bpy)3

2C) [60, 61]. Target hybridization with
Fc-labeled MB results in a change in the ECL intensity, and the thermodynamic
parameters of the MB binding and stem-loop formation can also be evaluated using
this method.

By suitable modification, MBs can have functions beyond detection, most
importantly in biomedical applications. As target-activatable probes, MBs offer
controlled light emission in the presence of specific targets. The combination of
photodynamic therapy (PDT) with MBs has triggered a new research concept for
controlled phototherapy. PDT is a type of approved cell-killing process which
relies on the generation of cytotoxic singlet oxygen (1O2) by light activation
of a photosensitizer (PS). Zheng et al. introduced the concept of photodynamic
MBs (PMB) to specifically control 1O2 production to certain cancer biomarkers
[15]. The PMB probe is a hairpin structure labeled at two ends by a PS and
a quencher (Fig. 7.6a). The photoactivity of the PS is silenced until the linker
interacts with a target molecule, such as matrix metalloproteinase-7 (MMP7) in
their study. Thus, selective PDT-induced cell death could be achieved, depending on
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Fig. 7.6 Reporting region engineering: (a) Target-activated MBs for photodynamic therapy
(PDT); (b) SWNT-based PDT-MB analogues

the presence of the biomarker (MMP7) in the target cancer cells. After this study,
additional designs, including a dual-labeled self-quenching photosensitizer MB [62]
and a multiconjugate “linear superquencher” [63], have been introduced to enhance
signal-to-background ratio and reduce nontarget killing.

The Tan group has also developed a beacon-like structure, using SWNT quench-
ing effects to regulate singlet oxygen generation (Fig. 7.6b) [64]. In the absence of
the target molecule, PS-labeled DNA wraps onto the surface of the SWNT through

– stacking, thereby quenching the PS fluorescence. In the presence of the target
of interest, DNA-SWNT interaction is disrupted, causing DNA, together with PS, to
leave the SWNT surface, followed by activation of phototherapy. More interestingly,
the SWNT could also function as a cargo carrier for probe delivery to protect the
DNA from enzymatic digestion or degradation in the biological environment. As
these examples suggest, MBs can be engineered to perform multiple tasks in bio-
logical systems, not only diagnostics but therapeutic and other biological functions.

7.5 Conclusion and Future Perspectives

The past 16 years have witnessed the rapid development of a maturing MB
technology. The highly efficient signal-transduction mechanism, versatile chemical
modifications, and accessible and cost-effective synthesis have made MBs important
components in diagnostic and therapeutic toolkits. This chapter has emphasized the
engineering features currently used for equipping and refining MBs with novel and
advanced functions to overcome theoretical and practical handicaps that inhibit their
real applications.
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In future years, the possibility of MBs for more nongene target detection, e.g.,
protein assays, enzyme monitoring, and whole cell detection, in biological systems
will be investigated. Rational engineering pathways to boost the performance of
MBs, equip them with adjunctive functions, and reduce the cost of large-scale MB
modification will lead MB development into major research areas at the forefront of
technology with significant commercial potential, including molecular computing
[65], cancer cell identification, and disease diagnosis.
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Chapter 8
Excimer Molecular Beacon

Jin Huang

Abstract During the detection in complex biological system, similar to other
fluorescence probes, the molecular beacons suffer severely from the background
signal interference. Recent studies indicated that excimer molecular beacon (EMB)
can address the problem. EMB is a dual-pyrene-labeled hairpin DNA structure
with large Stokes shift and long fluorescence lifetime, which afford an effective
strategy for detection in complex biological environment. In the chapter, the recent
development of the research of EMB is presented. Firstly, the general design of
EMB, as well as the structure and working mechanism, is introduced. Furthermore,
the synthesis and properties of EMB are descripted, which explain its capability of
detection in complex environment and high sensitivity and selectivity. Finally, the
examples of the different applications are discussed, including nucleic acids and
other molecules detection.

8.1 Introduction

When applied to its native environment, a molecular beacon confronts two
significant background signal sources. The first is the probe itself. For example,
when a quenching-based MB is used for analysis, the probe always has some
incomplete quenching, resulting in a significant probe background. The second
comes from the native fluorescence of the biological environment. There are many
molecular species in a biological environment, some of which will give a strong
fluorescence background signal upon excitation. These problems deteriorate assay
sensitivity, compromise probe selectivity, and thus hinder the analysis of small

J. Huang (�)
State Key Laboratory of Chemo/Biosensing and Chemometrics, College of Chemistry
and Chemical Engineering, Hunan University, Changsha 410082, China
e-mail: jinhuang@hnu.edu.cn

C.J. Yang and W. Tan (eds.), Molecular Beacons, DOI 10.1007/978-3-642-39109-5 8,
© Springer-Verlag Berlin Heidelberg 2013

123

mailto:jinhuang@hnu.edu.cn


124 J. Huang

molecules, nucleic acids, and proteins in a complex sample. Thus, two challenges
are raised: (a) how to minimize background signal and (b) how to tolerate complex
biological sample interference.

To address these issues, FRET pairs [1–5], metal nanoparticles [6–8], and pyrene
moieties [9–11] have been incorporated into MBs and have, to a certain degree,
improved the properties of traditional MBs for detection in a complex environment.
Among these, pyrene-based excimer-forming MBs (Py-MBs), which possess the
advantage of long fluorescence lifetime, can discriminate the long-lived pyrene
fluorescence signal from the short-lived fluorescence background. It therefore seems
to be a promising strategy for detecting analytes in complex biological environment.
This chapter will discuss the excimer molecular beacon (EMB), including its design,
synthesis, properties, and applications.

8.2 Design of Excimer Molecular Beacon

A novel EMB, first designed by Fujimoto et al. in 2004, was developed on the
basis of a monomer–excimer switch [9]. Instead of a fluorophore-quencher pair,
pyrene monomers were labeled at opposite termini of the MB to facilitate an
excimer–monomer switching mechanism that is controlled by bound and unbound
conformations of the oligonucleotide. Pyrene is a polycyclic aromatic hydrocarbon
(PAH) consisting of four fused benzene rings, resulting in a flat aromatic system.
Pyrene forms during incomplete combustion of organic compounds. Figure 8.1

Fig. 8.1 Schematic representation of excimer molecular beacon (EMB), which was dually labeled
with pyrene at the 30- and 50-end of single-stranded oligonucleotides with a stem-loop structure.
In the absence of target DNAs, the stem-close-shaped EMB predominantly emits excimer
fluorescence (yellow-green). However, upon hybridization with target DNAs, the EMB undergoes
a dynamic conformational change to emit monomer fluorescence (pale blue) (Reprinted from
Ref. [9]. Copyright 2008, with permission from Elsevier) (Color figure online)
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shows the working principle of the typical EMB, where two pyrene derivatives are
modified on the 50- and 30-end of one single oligonucleotide, respectively. In the
absence of target DNA, the hairpin structure brings the two pyrene moieties into
close proximity and allows the formation of an excimer that emits fluorescence. In
the presence of target DNA, the hairpin structure undergoes conformational change
upon hybridization, the two pyrene molecules are spatially separated, and only the
monomer peaks can be observed. In this way, the emission wavelength shift can
fully minimize the background signal, while, at the same time, the large difference
in fluorescence lifetime between pyrene excimer and the background fluorescence
lifetime makes it possible to apply this Py-MB in complex biological sample.

8.3 Synthesis of Excimer Molecular Beacon

EMB synthesis depends on modification of the pyrene moieties at the two termini
of single-stranded oligonucleotides. According to the literature, the two methods of
accomplishing this are (a) on-machine and (b) off-machine synthesis. As shown in
Fig. 8.2, Fujimoto et al. synthesized a dual-labeled pyrene beacon, in which a single-
stranded 29-mer DNA possessing a C3-alkylamino linker (30-end) was first coupled
with a pyrene phosphoramidite (Fig. 8.2 (1)) at the 50-end on a DNA synthesizer.
After cleavage from the solid support and purification by HPLC, the 50-modified
probe was further tethered to pyrene succinimidyl ester (Fig. 8.2 (2)) at the amino
linker of the 30-end, thereby demonstrating a combination of on- and off-machine
synthesis to generate this EMB, as discussed in detail below [9].

Fig. 8.2 Scheme for the synthesis of two pyrene derivatives. (a) LiAlH4, THF; (b)
(i-Pr2N)2PO(CH2)2CN, 1H-tetrazole, CH3CN; (c) KON, CH3OH; (d) N,N0-disuccinimidyl car-
bonate, pyridine, CH3CN (Reprinted from Ref. [9]. Copyright 2008, with permission from
Elsevier)
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8.3.1 On-Machine Synthesis

Oligonucleotide synthesis has been fully automated since the 1970s. Briefly, it
involves the chemical synthesis of relatively short fragments of nucleic acids with
defined chemical structure (sequence). The technique is extremely useful in current
laboratory practice because it provides rapid and inexpensive access to custom-
made oligonucleotides of the desired sequence. Chemical oligonucleotide synthesis
is carried out in the 30 to 50 direction. Currently, the process is implemented
as solid-phase synthesis using the phosphoramidite method and phosphoramidite
building blocks derived from protected 20-deoxynucleosides (dA, dC, dG, and T), or
chemically modified nucleosides, e.g., LNA. To obtain the desired oligonucleotide,
the building blocks are sequentially coupled to the growing oligonucleotide chain
in the order required by the sequence of the product. In our case, the first step
is to make a pyrene phosphoramidite building block that can be recognized by a
DNA/RNA synthesizer. Yamana et al. introduced pyrene phosphoramidite to make
oligonucleotide–pyrene conjugates such that a pyrene moiety was covalently linked
to a nucleotide through a one-carbon spacer to the 20-O-position of a ribose unit
(Fig. 8.3, left) [12]. Kool et al. developed a class of nonnatural DNA nucleoside
analogue, in which the DNA base is replaced at the C-1 position of ribose by the
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fluorescent pyrene dyes (Fig. 8.3, right) [13–15]. On-machine synthesis has high
coupling efficiency but needs complex precursors, which therefore limits its use by
researchers.

8.3.2 Off-Machine Synthesis

Off-machine synthesis has been widely used to conjugate pyrene molecules to
oligonucleotide because of its simplicity. In these coupling reactions, either the
1-pyrene acetic acid or succinimidyl ester of 1-pyrene butanoic acid is frequently
used as the labeling reagents. Turro et al. labeled a pyrene-20-methoxy RNA
probe through the solution-phase synthesis method [16]. Huang et al. successfully
synthesized EMBs by the same protocol. Here, amine-modified DNA probe was
synthesized using standard phosphoramidite chemistry, and probes were purified
using reversed-phase HPLC. The purified DNAs were conjugated with the pyrene
at the amino end by incubation in 0.1 M sodium bicarbonate/sodium carbonate
buffer (pH 8.5) mixed with a 15-fold excess of the succinimidyl ester of 1-pyrene
butanoic acid dissolved in dimethyl sulfoxide (DMSO). The unconjugated pyrene
was removed by ethanol precipitation of DNA. The resulting crude mixture was
purified by HPLC again [17, 18].

Different from the above solution-phase synthesis method, Yang et al. developed
a solid-phase synthesis method to dually label DNA sequences with pyrene [19].
The synthesis started with 30 amine CPG and ended with an alkylamine linker.
Two amine groups at the 30- and 50-ends were deprotected with piperidines and
TCA, respectively. After this step, DNA bases were still protected and linked on
solid support, while two amines at either end of the sequence were activated and
ready to react with carboxylated pyrene. After the coupling reaction, the probe was
treated and processed as a regular DNA sequence in deprotection, desalting, and
purification procedures. In this way, only one purification step is needed for the
whole synthesis, and coupling efficiency is much higher on solid support compared
to that in solution.

8.4 Properties of Excimer Molecular Beacon

Some properties of EMBs are similar to MBs, such as thermodynamics, kinetics,
and single-base mismatch discrimination. However, other properties are unique by
the presence of pyrene. Pyrene is a polycyclic aromatic hydrocarbon consisting of
four fused benzene rings, resulting in a flat aromatic system. Its electronic spectrum
and state assignments have been well established for years. Pyrene has several
special photophysical characteristics which make it extraordinarily suitable as a
fluorescent probe. These include a high quantum yield of fluorescence (' D 0.6)
and a relatively long S1 lifetime (� D 450 ns in deaerated cyclohexane at room
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Fig. 8.4 Schematic illustration of the production of intramolecular excited dimer fluorescence
from excited monomer pyrene: structural diagram (left) and simplified Jablonski-like diagram
(right)

temperature), both readily measurable using straightforward techniques. Moreover,
the relative intensities of the vibrational structure of pyrene’s fluorescence spectrum
are sensitive to the polarity of the surrounding environment.

In addition to emitting fluorescence from the excited monomer state, pyrene
and its derivatives can also form an excited-state dimer or excimer. In our case,
an excimer is formed if an excited pyrene monomer, during its fluorescence
lifetime, interacts in a specific manner with a neighboring ground-state (unexcited)
pyrene (Fig. 8.4). Excimer formation also depends on the environment in which
the neighboring two pyrene molecules interact, for example, the solvent and the
distances between the molecules. The pyrene molecules labeled on biomolecules
should be in close proximity and should be able to rotate to achieve a precisely
symmetrical configuration. Pyrene has a broad, featureless excimer emission
centered at 480–500 nm, while the monomer emits at 380 and 400 nm. The large
wavelength separation between excimer excitation (340 � 350 nm) and emission
facilitates separating the true signal from background noise, while employing
pyrene in a probe [20].

8.5 Applications of Excimer Molecular Beacon

8.5.1 Excimer Molecular Beacon for Nucleic Acids

The pyrene excimer-based molecular beacon has attracted much attention in the
development of nucleic acid detection. Yamana et al. designed a novel bis-
pyrene-labeled oligonucleotide probe (BP probe) for the detection of a single-base
mismatch in single-strand DNA as a target (Fig. 8.5). The probe sequence was
chosen to form a stem-loop structure similar to a molecular beacon probe (MB
probe) and thus termed as BP–MB probe. Hybridization of the BP–MB probe with
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Fig. 8.5 Detection of
DNA-base alteration using
bis-pyrene-labeled
oligonucleotide probe
(Reprinted from Ref. [10].
Copyright 2008, with
permission from Elsevier)

oligonucleotides provided the partially double-stranded BP–MB probe, in which
the oligonucleotide sequences are complementary to the loop segment, but not to
the stem sequence, and displaceable by target DNA. It was shown that these partial
double-stranded BP–MB probes in the stem-loop structure display strong excimer
fluorescence, but upon target recognition, they exhibit monomer fluorescence. The
strand exchange reactions in the presence of cationic comb-type copolymer as a
catalyst were monitored by the excimer fluorescence changes. The existence of
a mismatched base can be determined by the slower rates compared with fully
matched DNA [10].

Conlon et al. engineered molecular beacon DNA probes, containing 1–4 pyrene
monomers on the 50-end and quencher DABCYL on the 30-end, for real-time
probing of DNA sequences (Fig. 8.6). In the absence of a target sequence, the
multiple-pyrene-labeled molecular beacons assumed a stem-closed conformation
resulting in quenching of the pyrene excimer fluorescence. In the presence of
target, the beacons switched to a stem-open conformation, which separated the
pyrene label from the quencher molecule and generated an excimer emission
signal proportional to the target concentration. Steady-state fluorescence assays
resulted in a subnanomolar limit of detection in buffer, whereas time-resolved
signaling enabled low-nanomolar target detection in cell-growth media. It was found
that the excimer emission intensity could be scaled by increasing the number of
pyrene monomers conjugated to the 50-terminus. Each additional pyrene monomer
resulted in substantial increases in the excimer emission intensities, quantum yields,
and excited-state lifetimes of the hybridized MBs. The long fluorescence lifetime
(�40 ns), large Stokes shift (130 nm), and tunable intensity of the excimer make
this multiple-pyrene moiety a useful alternative to tradition fluorophore labeling in
nucleic acid probes [11].
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Häner et al. proposed a molecular beacon in which signal control is accomplished
by formation of a donor–acceptor (D–A) complex (Fig. 8.7). The stem contains
pairs of nonnucleic pyrenes (Y) and perylene diimides (PDIs, E) that can interact by
interstrand stacking. In the native structure, this leads to efficient signal suppression,
whereas the hybridized form is characterized by an excimer signal produced by the
two adjacent pyrenes. Additionally, the formation of a stable D–A complex helps
to minimize the number of natural bases in the stem, thus reducing the changes of
unwanted base-pairing interactions [21].

Huang et al. described an amplified DNA-detection system which employed a
two-pyrene dual-labeled hairpin structure (H1* and H2*, Fig. 8.8). Each hairpin has
a stem of 18 base pairs enclosing a 6 nucleotide (nt) loop. Each also has an additional
6 nt sticky end at the 50-end of H1* (complementary to the loop of H2*) and at the
30-end of H2* (complementary to the loop of H1*). In the absence of target DNA,
both probes, H1* and H2*, are in the closed form, and the two pyrene moieties
are spatially separated by the extra length of the sticky end. In this state, only the
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Fig. 8.8 Working principle behind the detection of DNA on the basis of HCR amplification and
the formation of pyrene excimers (Reproduced from Ref. [18] by permission of John Wiley & Sons
Ltd.)
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monomer emission peaks (at 375 and 398 nm) are observed. However, when the
target is present in the solution, it pairs with the sticky end of H1*, which undergoes
an unbiased strand-displacement interaction to open the hairpin. The newly exposed
sticky end of H1* nucleates at the sticky end of H2* and opens the hairpin to expose
a sticky end on H2*. This sticky end is identical in sequence to the target. In this
way, each copy of the target can propagate a chain reaction of hybridization events
between alternating H1* and H2* hairpins to form a nicked double helix. In this
state, a pyrene moiety on one probe is brought into close proximity to a pyrene
moiety on the neighboring probe. Thus, numerous pyrene excimers are formed, each
emitting at approximately 485 nm. By observation of the emission intensities of
the pyrene monomer and the excimer, the target DNA can be detected with high
sensitivity [18].

8.5.2 Excimer Molecular Beacon for Other Molecules

Apart from nucleic acids, the pyrene excimer-based molecular beacon has been a
promising probe for many important biological elements, ranging from small ions to
biomacromolecules. Nagatoishi et al. reported a pyrene-labeled potassium-sensing
oligonucleotide (PSO-py, Fig. 8.9), in which two pyrene molecules are attached to
the termini of a 15-mer oligonucleotide (thrombin-binding aptamer, TBA), which
can form stable G-quadruplex complexes upon binding to thrombin protein in the
presence of KC ions with a 1:1 stoichiometry. Therefore, the binding of KC ions
should organize the 50 and 30 termini of TBA so that the two attached pyrene
moieties are arranged face to face. Thus, the pyrene moieties are expected to produce
efficient excimer emission [22].

Yang et al. engineered light-switching pyrene excimer aptamers for rapid protein
monitoring in complex biological fluids. The aptamer sequence that binds with high
affinity to the target protein platelet-derived growth factor (PDGF)–BB is labeled
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Fig. 8.10 Detection of PDGF in biological fluids. (a) Use of the pyrene excimer to probe PDGF.
After binding to PDGF, pyrene excimer forms and changes the color from blue to green. (b) Visual
detection of 4 pmol of PDGF–BB after illumination with a UV lamp. Solution of the 100 nM
excimer probe without (left) and with (right) 40 nM of PDGF–BB. (c) Response of the excimer
probe to different concentrations of PDGF–BB (0–40nM). (d) Steady-state fluorescence spectra
and (e) time-resolved fluorescence spectra of PDGF in dyed cell media (Reprinted from Ref. [19].
Copyright 2005, National Academy of Sciences, U.S.A.)

with pyrene molecules at both ends. The specific binding of aptamer to target protein
changes the conformation of the aptamer probe, bringing the two pyrene molecules
into close proximity to form an excimer, which results in a change of fluorescence
wavelength from 400 nm for the pyrene monomer to 485 nm for the pyrene excimer
(Fig. 8.10). Combining light-switching and time-resolved measurements, picomolar
PDGF–BB can be detected in a few seconds. Direct detection and quantification of
target molecules in complex biological samples, such as a cultured cell dish, can be
carried out without any need for sample cleanup [19].

Huang et al. engineered a competition-mediated pyrene-switching aptasensor
for lysozyme detection in buffer or human serum using both steady-state and
time-resolved measurement (Fig. 8.11). The approach involves two DNA strands,
one a lysozyme aptamer and the other a dual-pyrene-labeled hairpin sequence
(competitor), which is partially complementary to the aptamer. In the absence of
target lysozyme, the aptamer hybridizes with part of competitor. As a result, the
DNA hairpin opens, and both pyrene molecules are spatially separated. However,
in the presence of the target, the competitor is displaced from the aptamer by
the target, subsequently forming an initial hairpin structure. This brings the two
pyrene moieties into close proximity to form an excimer, which, in turn, results in a
significant shift of fluorescence emission from monomer to excimer. Meanwhile,
with time-resolved emission measurements, the pyrene excimer signal can be
separated from biological background interference [17].

Zheng et al. proposed a way to restrict the labeled pyrene molecules in a
hydrophobic cavity of cyclodextrin (Fig. 8.12). This bonding, which acts like extra
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Fig. 8.11 Working principle of competition-mediated pyrene-switching aptasensor for an
aptamer/target binding assay (Reprinted with the permission from Ref. [17]. Copyright 2010
American Chemical Society)

Fig. 8.12 Schematic representation of the cyclodextrin-bonded excimer–monomer switching
probes for the detection of target DNA (a) and protein (b) (Reprinted with the permission from
Ref. [23]. Copyright 2010 American Chemical Society)
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Fig. 8.13 Top: Scheme of triple-helix molecular switch (THMS) for signaling aptamer/target
binding event. Bottom: Fluorescence emission spectra of THMS in the presence of increasing
amounts of thrombin (Reprinted with the permission from Ref. [24]. Copyright 2010 American
Chemical Society)

base pairs to form Watson–Crick duplex, achieves variation in the level of space
proximity of the two labels and, thus, the degree of conformational constraint. To
demonstrate the feasibility of the design, a stem-containing oligonucleotide probe
(P1) for DNA hybridization assay and a stemless one (P2) for protein detection
were examined as models. Both oligonucleotides were doubly labeled with pyrene
at the 50- and 30-ends, respectively. It is the cyclodextrin/pyrene inclusion interaction
that allows modulating the degree of conformation constraints of P1 and P2 and
thus their background signals and selectivity [23]. After that, Zheng et al. reported
a triple-helix molecular switch (THMS) based on Watson–Crick and Hoogsteen
base pairings (Fig. 8.13). The THMS consists of a central, target-specific aptamer
sequence flanked by two arm segments and a dual-labeled oligonucleotide serving
as a signal transduction probe (STP). Aptamer/target binding results in the formation
of a structured aptamer/target complex which disassembles the THMS and the
STP [24].
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Fig. 8.14 Schematic representation of a light-switching excimer beacon probe to monitor RNase
H activity (Reproduced from Ref. [25] by permission of John Wiley & Sons Ltd.)

With unique properties, dual-pyrene-labeled MBs also find interesting applica-
tions in enzyme activity studies. Chen et al. described the molecular engineering
of a light-switching excimer beacon probe to monitor RNase H activity. RNase
H is a ribonuclease which can selectively degrade the RNA strand in a RNA–
DNA hybrid to produce 30-hydroxyl- and 50-phosphate-terminated products without
destroying the DNA strand. As shown in Fig. 8.14, binding of the dual-labeled
DNA beacon to RNA opens up the hairpin structure and, thus, spatially separates
the pyrene moieties. The RNA–DNA hybrid, which serves as the substrate for
RNase H cleavage, has a low fluorescence background at 485 nm. After the addition
of the enzyme, only the RNA strand will be cleaved from the duplex, which
liberates the DNA beacon. The restoration of the hairpin structure brings the pyrene
moieties back together and gives a dramatic fluorescence enhancement with excimer
emission at 485 nm [25].

8.6 Conclusion and Prospective

Excimer molecular beacons are dual-pyrene-labeled hairpin DNA structures for
different targets in chemical and biological systems. With their high quantum yield,
large Stokes shift, long fluorescence lifetime, EMBs are becoming increasingly
attractive for various applications. Many efforts have been made to improve their
design and extend their scope of application. In this chapter, we introduced the
design, synthesis, and properties of EMBs and focused on the amplification for
different analytes.

Compared to traditional MBs, EMBs possess light-switching signal transduction
to minimize background. More importantly, the long fluorescence lifetime holds
promising potential applications in real biological samples. Yet, their in vivo
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application remains challenging, as the near-UV excitation (�340 nm) might be
unfavorable for in vivo detection based on insufficient light penetration or possible
damage to cells. To solve these problems, appropriate modification of the pyrene
moiety might be able to obtain red-shifted excitation pyrene probes. Chemical
modification of the probe backbone is an alternative strategy to make it stable
in vivo. Finally, coupling the probes with some targeted molecules can reduce
undesirable localization, and combining EMB with nanotechnology might also be a
promising research direction.
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Chapter 9
Strategies for Delivering Molecular
Beacons into Cells

Zehui Cao

Abstract Because of their inherent advantages of detection without separation,
high sensitivity, and excellent selectivity, MBs are ideal probes for direct imaging
of mRNA in complex cellular environments. However, in order for MBs to function
inside cells, methods have to be developed for efficient delivery of MBs into cells.
In this chapter, some of the most common techniques for delivering MBs into
living cells for RNA detection are reviewed. The advantages and limitations of each
technique are discussed.

9.1 Introduction

Molecular beacons are particularly indispensable in intracellular RNA imaging and
tracking [1, 2]. Prior to the emergence of MBs, imaging of native mRNA inside
living cells was nearly impossible because no probes were able to separate real
signals from background signals. Molecular beacons, with their unique hairpin and
fluorophore-quencher design, generate fluorescent signals only when bound to their
nucleic acid targets. This unique feature, coupled with the unparalleled selectivity
of MBs for targets, makes these probes especially suitable for direct imaging of
mRNA in complex cellular environments. Messenger RNA has long been linked
to biological conditions and functions of cells. Variations of expression levels of
mRNAs can often be indications of changes in the cellular system and, ultimately,
can even be used for disease diagnosis. For example, DNA microarray technology
uses probes immobilized on a DNA chip to analyze expression of a large number of
mRNAs, enabling clinicians to compare the results between patients and healthy
subjects to identify genes linked to certain diseases [3]. Similarly, studying and
imaging the localization and movement of mRNAs inside living cells are important
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for understanding the mechanisms of mRNA synthesis, trafficking, and functions,
and how diseases such as cancers, as well as potential drug molecules, can affect
these behaviors. Direct RNA imaging also helps explain how RNA viruses infect
and function in human cells [4]. Recent discoveries have put small interfering RNA
(siRNA) and microRNA (miRNA), as well as their regulatory roles in cells, in the
spotlight. MB-based RNA imaging can potentially be further explored to study these
new classes of RNA molecules and their intracellular behavior and functions [5].

Recently, MBs have been used for RNA expression analysis in conjunction
with flow cytometry [6–8], in which MBs hybridize to intracellular RNA while a
flow cytometer is employed to measure MB-generated fluorescence in individual
cells. Unlike expression measurements from extracted RNAs in bulk solutions, this
MB/flow cytometry approach offers RNA detection at the single-cell level, and it
allows analysis of cell-to-cell expression variations in a statistically meaningful
fashion. This additional information can be uniquely useful for studying how cells at
different stages, or from different subpopulations, react to disease conditions, drug
molecules, and environmental stimuli.

Despite the great promise of MBs as intracellular RNA probes, one obstacle must
be overcome before MBs can even interact with their RNA targets. Specifically,
the cellular membrane forms a natural barrier against charged macromolecules,
including nucleic acid-based MBs. Efficient delivery methods to overcome this
barrier have to be available for any MB-based intracellular studies. Accordingly,
strategies for delivering MBs into living cells continue to be explored. Most of
these approaches have been focused on direct delivery to cell cytoplasm, instead of
endocytosis-based pathways. This preference is first based on the fact that mRNA is
mainly located in cytoplasm. Second, endocytosis-based internalization will leave
MBs trapped in the endosomes, which are known to contain acidic solutions and
nucleases that can both degrade MBs. Some of the major techniques reported
for MB delivery include the use of microinjection, microporation, reversible per-
meabilization, membrane-penetrating peptides, and nanomaterials. These different
approaches will be discussed and compared in this chapter.

9.2 Microinjection

Microinjection was the main delivery method in the early days of MB-based
RNA imaging, most likely because it was the most straightforward approach. This
method involves a glass micropipette with a fine tip that usually has a diameter
of 1 �m. A micromanipulator is installed on a microscope stage and is used to
bring the micropipette tip close to the cell of interest with high precision under the
microscope. Once the glass tip touches the cell, a small pressure is applied through
the tip which disrupts the cell membrane and delivers the MB probe solution in the
micropipette into the cell. Microinjection has several advantages; most importantly,
it allows for the immediate monitoring of the cell for the response of the probe.
Secondly, it delivers a relatively reproducible amount of probe to the experimental
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cell of choice. Gewirtz and colleagues were among the first to image mRNA in
single living cells using microinjected MBs [9]. They detected higher fluorescent
signals from target cells than from microinjected control cells. However, they also
observed degradation of MBs after the MBs stayed in the cells for an extended
time. Tan and coworkers reported imaging of abundant beta-actin mRNA in PtK2
cells using microinjected MBs [10]. Another report from the same group described
quantitative measurements of cell-to-cell variation in the expression of manganese
superoxide dismutase (MnSOD) mRNA by using an MB-based ratiometric imaging
approach [11]. Realizing the problem of MB degradation inside living cells, Tyagi
and coworkers developed nuclease-resistant molecular beacons for imaging the
transport and localization of oskar mRNA in Drosophila melanogaster oocytes
[12]. Several reports discovered that the microinjected MBs tended to accumulate
inside the cell nucleus within minutes after injection, instead of remaining in the
cytoplasm for mRNA detection [13, 14]. The mechanism by which the MBs enter
the cell nucleus was proposed to be an active facilitated transportation [14]. To solve
this problem, MBs were linked to a bulky protein, streptavidin, through a biotin
attachment on the MB [13, 14] or covalently linked to a transfer RNA (tRNA) [15].
These modifications did indeed result in reduced sequestration of MBs in nuclei,
making mRNA imaging in cytoplasm more practical. In a related study, MBs were
used to track diffusion of mRNA-protein complexes inside the cell nucleus [16].

Although simple in principle, the microinjection-based delivery approach has
some major limitations. First, it requires costly special equipment for injection
tip manipulation on the microscope. Second, proficient equipment operation and
cell injection may take prolonged training and practice, thus limiting the type of
personnel who can carry out desired studies. In addition, cells can only be injected
one at a time, leading to limited numbers of cells that can be analyzed each time. The
difficulties associated with microinjection operation also mean poor reproducibility
that could result in significant cell-to-cell variations. Overall, studying more than a
few cells simultaneously using MBs is impractical with microinjection.

9.3 Microporation

Electroporation is a widely used technique for delivering various molecules,
including nucleic acids, into living cells. It is based on the increased cell membrane
permeability caused by an external electrical field [17]. When given electrical pulses
of certain voltage and duration, it is generally believed that cell plasma membranes
begin to form nanometer-scale pores that allow diffusion of external molecules
into cells. For different cell types, optimum voltage and pulse duration need to
be experimentally determined to achieve the best delivery efficiency. Voltages over
a certain limit will lead to irreversible electroporation and reduced cell viability.
Electroporation is relatively easy to carry out and usually involves placing cells
to be transfected in a special cuvette with two electrodes connected to a high-
voltage generator. In this way, large numbers of cells can be transfected at the same
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Fig. 9.1 (a) Comparison of electrochemical side effects resulting from the physical geometry of
two parallel plate-type electrodes integrated in the cuvette system and a single wire-type electrode
used in the capillary system; (b) schematic of the piston-driven capillary tip (diameter 0.65 mm,
length 30 mm); (c) the position of the anode and cathode in the capillary electroporation system;
(d) schematic of the overall capillary electroporation system, which consists of a high-voltage
pulse generator and a pipette station (Reprinted from Ref. [23], Copyright 2008, with permission
from Elsevier)

time. Electroporation is highly efficient in introducing nucleic acids into mammalian
cells. This capability has resulted in its wide application in gene therapy [18], DNA
vaccination [19], mRNA and siRNA delivery [20, 21], and plant transformation [22].

Despite its success in nucleic acid delivery, electroporation is often linked to
substantial cell damage, with typical cell viability at 20–50 % after electroporation
[23], even after careful determination of optimum conditions through tedious
experiments. To address this problem, a capillary-based electroporation system was
developed (Fig. 9.1) [23]. Termed microporation, this technique uses a thin metal
wire inserted in a capillary as the anode. After the mixture of cells and the reagents
to be delivered are pulled up into the capillary, the other end of the capillary
is inserted in a buffer covering the cathode. Finally, electrical pulses generated
by a voltage generator are applied for cell membrane pore formation and cargo
delivery inside the capillary. Compared to traditional electroporation, the authors
noted that this new design significantly reduced changes in buffer composition, pH,
and other factors during electroporation that might have contributed to cell death. In
addition to increased viability, cells were much more tolerant to changes in electrical
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parameters, meaning that less experimental effort is required to determine optimum
conditions. More importantly, using this approach, consistently high transfection
rates were achieved, even for those cell types considered hard to transfect.

Tsourkas and coworkers tested cytosolic delivery of NeutrAvidin-conjugated
MB probes using microporation and other methods [7]. They observed lysosome
entrapment with a NeutrAvidin-fluorophore conjugate with all delivery methods.
After pegylation of NeutrAvidin conjugates, only microporation produced uniform
cytosolic distribution with high transfection efficiency and cell viability. It was
found that this uniform fluorescent signal could be retained inside the cytoplasm
for at least 24 h, making temporal monitoring of mRNA levels possible. The authors
also noted that microporation needed fewer cell samples compared to other methods,
such as Streptolysin O (SL-O)-based delivery. When cells were microporated using
pegylated MB-NeutrAvidin conjugates and analyzed with a flow cytometer, up to
five times increase in sensitivity was achieved compared to unconjugated MBs, as
a result of the improved signal-to-background ratios. Based on these findings, the
same group used microporation delivery to compare 20-O-methyl (2Me)- and 20-
O-methyl-phosphorothioate (2MePS)-modified MBs conjugated to NeutrAvidin for
their intracellular trafficking, false-positive signal generation, and functionality as
mRNA imaging probes [24]. Tsourkas and coworkers later designed a new imaging
probe called the ratiometric bimolecular beacon (RBMB) and used microporation
to study its intracellular performance. The RBMB probe consisted of a conventional
MB domain and a siRNA-like domain used to facilitate nuclear export. The
siRNA domain was designed to replace proteins like streptavidin and quantum dots
previously used to keep MBs from entering the cell nucleus. The RBMB was found
to remain in the cell cytoplasm, which led to reduced false-positive signals and
significantly higher signal-to-background ratios compared to conventional MBs.

9.4 Reversible Permeabilization

Similar to electroporation, reverse permeabilization also delivers the MBs through
pores created in the cell membrane. However, the two techniques differ in the way
they create the pores. Electroporation can create pores in the cell membrane through
the application of an electrical pulse to the cells. Reverse permeabilization involves
the use of the chemical Streptolysin O (SL-O) to create pores in the cell membrane.
In both methods, loss of materials from inside the cell can occur through the pores,
and the amount of probes delivered into each cell can vary. Reverse permeabilization
also requires time to form the pores and then additional time to allow the pores to
reseal.

SL-O is a pore-forming toxin secreted by a class of spherical Gram-positive
bacteria called Streptococcus. SL-O binds to cholesterol on the cell membrane
and then oligomerizes into ring-shaped structures with pore sizes of approximately
25–30 nm in diameter [25]. This increases the permeability of cell membranes to
macromolecules, including protein and nucleic acids. Pore formation by SL-O can
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be a reversible process, which is achieved by substituting SL-O containing serum-
free media after SL-O treatment of cells with regular growth media containing serum
[26]. For delivery of nucleic acids, they are simply incubated with SL-O and the
target cells during SL-O treatment. This simplicity and reversibility make SL-O
attractive as a routine method for delivering oligonucleotides into living cells. For
example, it has been widely used for intracellular delivery of antisense oligonu-
cleotides for gene regulation studies [27, 28]. Spiller and coworkers compared
delivery of oligodeoxyribonucleotide (ODN) using SL-O, electroporation, and
lipophilic conjugation [29]. They found SL-O and electroporation to provide sig-
nificantly higher delivery efficiency than the lipophilic conjugation-based approach,
with SL-O delivering the highest ODN concentrations into cells. However, the
authors also noted that some cells showed resistance to permeabilization at low SL-
O concentrations. While increasing SL-O concentration improved permeabilization
and uniformity, decreased target specificity was observed by the substantial ODN
concentration delivered to the cells.

A number of reports have taken advantage of SL-O-based delivery of oligonu-
cleotides for intracellular imaging of RNA using MBs. Bao and coworkers designed
a dual-MB approach for mRNA imaging, where two MBs were constructed to
bind side by side at the same location of the mRNA sequence [30]. When they
bound to the target mRNA, the two fluorophores, each from one MB, were close
enough to generate FRET (fluorescence resonance energy transfer) signals for target
detection. This approach alleviated false-positives with the single-MB approach
based on opening by protein binding or nuclease digestion. The authors used SL-
O to deliver MBs into living cells and found surprisingly little fluorescence from
cell nucleus, even when they delivered a linear oligonucleotide probe, contradicting
previous reports. They explained this result by the low probe concentrations used
in the experiments. The same research group later used SL-O to deliver MBs for
viral RNA detection in living cells and observed very high delivery efficiency
[4]. Following these reports, SL-O was also employed for MB delivery to study
mRNA accessibility, detect virus mRNA, and investigate the relationship between
MB backbone modification and mRNA translational stage [31–33].

The SL-O-based delivery system has been shown to be simple and efficient for
MB imaging applications. Notably, it can transfect a large number of cells at the
same time and does not require special equipment for the transfection, making
it a more convenient method over other techniques, including microinjection and
microporation, and especially suitable for routine and high-throughput intracellular
MB delivery. Nonetheless, several factors need to be considered when choosing SL-
O as the delivery method. First, as pointed out by Santangelo [25], SL-O binds to
cholesterol, and each cell type may have a different membrane cholesterol com-
position. Consequently, the degree of SL-O-induced membrane permeability may
vary between cell types. This would call for the optimization of SL-O transfection
protocols for each new cell type to achieve comparable delivery efficiency. Second,
standard SL-O protocols require incubation of MB with SL-O and cells for about
30 min, after which the cells are washed and incubated with regular media for
another 15 to 60 min before fluorescence imaging. Therefore, to achieve reliable
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RNA imaging, necessary modification strategies need to be applied to the MBs to
keep them inside cytoplasm and avoid nonspecific interactions with cellular proteins
and degradation by nucleases during incubation. Similarly, imaging applications
where temporal resolution is critical or rapid reactions need to be monitored may
find the SL-O-based delivery method problematic.

9.5 Cell-Penetrating Peptides

Cell-penetrating peptides (CPPs) are a group of peptides that can carry a variety of
cargos through the cell membrane. The most widely used CPPs are the arginine-rich
cationic peptides derived from HIV Tat protein, with a typical core peptide sequence
of RKKRRQRRR. In 1994, Fawell and coworkers reported that conjugation of
Tat peptides to a group of proteins led to efficient cellular internalization of these
proteins [34]. Since then, CPPs, especially Tat peptides, have been adopted to
deliver a wide range of molecules and cargos into living cells, including proteins
and peptides [35, 36], small molecules [37, 38], nucleic acids including siRNA
and DNA plasmid [39, 40], liposomes, quantum dots, and other nanomaterials [41,
42]. How Tat peptides penetrate the cell membrane is still a debatable topic, with
different groups using different cell/cargo systems often reporting contradicting
results [43–45]. Many different models of cell penetration have been proposed based
on these divergent experimental results, including endocytosis mediated by clathrin
or caveolae formation, macropinocytosis, and direct translocation by electrostatic
interaction between cationic CPPs and anionic phospholipid head groups of the
membrane bilayer [45]. More evidence is emerging that CPPs can take multiple
routes into cells, depending on the cell system and cargo they carry.

Tat peptides were first used for MB delivery by Bao and coworkers [46]. Three
strategies were designed to covalently link a Tat peptide to the MBs (Fig. 9.2). In all
three designs, a modified dT nucleotide that carried a carbon-12 linker was placed
at the third base from the 30-end on the quencher arm of the stem. The end of the
linker had a biotin group for cross-linking with a biotin-attached Tat peptide through
a streptavidin and a thiol group for directly linking to a maleimide-modified peptide
or for connecting to a cysteine-modified peptide via formation of a disulfide bond.
Interestingly, the authors found little impact of the positively charged peptide on the
performance of all three types of MB/Tat conjugates in buffer solutions. Compared
to unconjugated MBs, the MB/Tat complexes had similar kinetics and signal-to-
background (S/B) ratios upon addition of excess targets, with only streptavidin-
biotin-linked MB/Tat showing slightly slower kinetics and lower S/B ratio. These
MB/Tat conjugates were then incubated with cells at 37 ıC for 30 min before
washing and visualizing. True mRNA detection and localization in the cells were
obtained, while false-positive signal was observed using commercial transfection
systems. This peptide-based MB delivery system seemed to have circumvented the
endocytic pathway, as evidenced by the lack of MB degradation. The authors also
noted that the use of 20-O-methyl-modified MBs was not necessary in this study. In
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Fig. 9.2 A schematic
illustration of three different
conjugation schemes for
linking the delivery peptide to
molecular beacons (Reprinted
from Ref. [46] by permission
of Oxford University Press)

addition, no nucleus accumulation of MB was mentioned as a significant problem
in this report. In another report, Bao and coworkers used peptide-linked MBs for
mRNA detection and found that both mRNA targets colocalized with mitochondria
[47]. Chen and colleagues used a similar approach to link a Tat peptide to a nuclease-
resistant MB and applied it for imaging of Coxsackievirus B6 [48]. They were able
to monitor virus spreading among cells in real time. In a related report, Bao and
coworkers covalently linked a single nuclear localization sequence (NLS) peptide
to an MB with natural bases and utilized it for RNA imaging inside the cell nuclei
[49]. SL-O was used to deliver MBs into the cells, while NLS peptide carried the
MBs into nuclei. Interestingly, they found that the NLS peptide was needed to bring
MBs into nuclei, while unconjugated MBs mostly stayed in cytoplasm.

Peptide-based MB delivery is relatively simple, fast, and efficient and requires no
special equipment. From the limited number of reports, nucleus accumulation and
degradation of MBs do not seem to be significant concerns, which may have been a
result of the peptide attachment. However, an extra step of covalent conjugation is
required to make the MB-peptide complex, even though maleimide-thiol chemistry
is a relatively simple and fast reaction. In addition, extra care should be taken when
choosing MB-peptide for RNA localization studies inside living cells. Since the
internalization mechanism of CPP is seemingly complex with many possible routes,
the peptide itself can often be distributed to and concentrated in certain locations
of the intracellular space, for example, the endosomes. Therefore, localization of
MB-peptide complex may not always reflect real distribution of the mRNA targets.
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9.6 Gold Nanoparticles

Based on their unique features, gold nanoparticles (AuNPs) have emerged in recent
years as a new intracellular delivery platform [50, 51]. First, the gold core is
generally considered inert and nontoxic, making it compatible with most biological
specimens. Second, the sizes of AuNPs can be fine-tuned with great uniformity in
a wide diameter range from a few nanometers to micrometers. AuNPs in the low
nanometer range provide very high surface area-to-volume ratios that are capable
of accommodating a large quantity of cargo molecules for increased delivery
efficiency. Even more important, the surface of AuNPs can be easily functionalized
through various physical and chemical interactions. Cargo molecules can therefore
be directly linked to AuNPs, or a second layer can be created on the AuNP surface to
convey new surface properties that are more accessible to certain cargo molecules.
In an early report, plasmid DNA was directly coated on AuNPs 1–3 �M in size,
most likely by physical adsorption, and delivered to rabbit skin cells [52]. After
that, subsequent studies first coated AuNPs with polyethylenimine (PEI) [53, 54], a
highly positively charged polymer that is commonly used for DNA transfection.
Plasmid DNA was then mixed to interact with the PEI layer via electrostatic
forces during which time DNA condensation could also take place. Neutralized
and condensed DNA was more readily taken up by cells. These studies observed
higher delivery efficiency and lower cytotoxicity with the AuNP delivery system
compared to that with PEI alone. AuNP-assisted oligonucleotide delivery was
explored by Mirkin and coworkers. Monothiol- and tetrathiol-modified antisense
oligonucleotides were covalently immobilized on 13 nm AuNPs. Unexpected
efficient uptake of these DNA-AuNPs throughout the cytoplasm was observed for
all tested cell types, even in the absence of any positively charged polymers, such as
PEI. Higher gene downregulation and lower cytotoxicity were obtained compared
to commercial cell transfection kits. A later report from the same group investigated
the mechanism behind this cellular uptake and found that the DNA-coated AuNPs
readily bound to up to 23 serum proteins per particle after exposure to cell media,
judging by increased particle sizes and decreased negative charges [55]. In addition,
the internalization capability seemed to correlate with the number of proteins on the
particles.

To take advantage of AuNP-based internalization for intracellular mRNA imag-
ing, Mirkin and coworkers prepared a new probing agent called “nanoflares”
(Fig. 9.3) [56], in which a short oligonucleotide-recognizing target mRNA sequence
was immobilized on AuNPs. A fluorophore-labeled reporter strand hybridized with
the recognition strand such that the fluorophore was close to the gold surface. This
design took advantage of the fact that gold is an excellent quencher to fluorophores
in close proximity [57]. When the nanoflares were taken up by cells, the target
mRNA could bind to the recognition strand and, hence, release the reporter strand.
Fluorescence of the fluorophore on the released strand would then be restored,
producing a detectable signal. The authors reported lower background fluorescence
from nanoflares compared to conventional MBs, and they attributed this finding to
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Fig. 9.3 Schematics of nanoflares (Reprinted with the permission from Ref. [56]. Copyright 2007
American Chemical Society)

Fig. 9.4 Schematics of
hAuNP (Reprinted with the
permission from Ref. [59].
Copyright 2010 American
Chemical Society)

gold’s superior quenching efficiency and protection of surface-bound DNA against
nuclease degradation. Wright and colleagues reported 15 nm AuNPs immobilized
with an MB-like hairpin DNA (hAuNP) (Fig. 9.4) [58]. One stem of the hairpin
DNA was directly linked to the AuNP surface, while the other stem possessed
a fluorophore. In the absence of targets, the hairpin structure maintained close
proximity between the fluorophore and the gold surface, leading to quenched
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fluorescence. This hAuNP was readily internalized by SK-MEL-28 cells where
the target tyrosinase mRNA hybridized to the hairpin DNA and extended the
fluorophore farther away from the AuNP surface, causing an increased fluorescence
signal. Specific detection of target mRNA was achieved in SK-MEL-28 cells, but
not in control cells. In another report, the same group applied a similar hAuNP
design to the imaging of cellular mRNA and viral RNA [59]. In an effort to
elucidate the underlying mechanism of nonspecific internalization of DNA-coated
AuNPs, the authors evaluated a series of inhibitors of classical endocytic pathways,
inhibitors of cell metabolism, such as sodium azide/2-deoxy-D-glucose, and 4 ıC
pretreatment for their impact on hAuNP internalization in serum-free cell media.
Interestingly, none of the treatments significantly affected hAuNP internalization,
indicating that a nonendocytosis or at least nonclassical endocytosis model played
a major role. Additionally, the presence of serum in the media actually lowered
hAuNP internalization, seemingly contradicting the previous report [55].

Taken together, it is clear that more comprehensive studies are needed to confirm
the real mechanism of spontaneous DNA-AuNPs internalization. Nonetheless,
evidence available so far suggests that AuNPs are capable of delivering DNA
probes nonspecifically and very efficiently into the cytoplasm of living cells.
Probes immobilized on AuNPs tend to have lower background and good protection
against nuclease degradation [60], which are two critically important properties
for intracellular imaging by nucleic acid probes. Even though an extra linking
step is required to make the AuNP-nucleic acid complex, the thiol-Au conjugation
chemistry involved is remarkably simple and convenient. One downside of the
current AuNP delivery technique is the long incubation time needed for AuNPs
to enter cells, usually hours or longer. However, the resistance of AuNPs to
nucleases and their tendency to stay in cytoplasm may compensate for this problem
in many applications. Nonetheless, applications requiring monitoring of initial
MB-RNA interactions may need to resort to other faster delivery techniques,
such as microporation. Moreover, the size and properties of the AuNPs could be
major factors in determining the movements of the AuNP-MB complex inside
the cells, thus possibly producing unreliable RNA localization and trafficking
information.

9.7 Conclusion

In summary, some of the most common techniques for delivering MBs into living
cells for RNA detection were reviewed and compared. Selection of a proper
delivery approach is the first critical step for MB-based intracellular analysis, and
considerations for making such selection include the objectives of the project at
hand and the intended application, possible impact of the specific delivery method,
as well as cost and available resources.
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Chapter 10
Molecular Beacons for Intracellular Analysis:
Challenges and Successes

Colin D. Medley and Zhi Zhu

Abstract In this chapter, the design of MB for intracellular imaging application is
detailed. Applications of molecular beacons for intracellular analysis are reviewed.
Challenges and solutions for intracellular applications of MBs are discussed.

10.1 Introduction

Since their development in 1996, molecular beacons (MBs) have been used in a
variety of roles, including qPCR [1], identification of mycobacterial species [2],
protein study [3–5], single-base mismatch detection [6–8], and incorporation in
biosensors and DNA arrays [9–12]. Of the multitude of applications using MBs,
intracellular monitoring is one of the most technically demanding for both the ana-
lyst and the probe itself. In the cytoplasm of a cell, MBs find themselves in a rather
inhospitable environment, including pH gradients that can impact fluorophores,
enzymes that can digest the probe, and a small abundance of complementary
sequences in a vast amount of mRNA. Despite these challenges, MBs are the
ideal probe for intracellular use as a result of their ability to detect complementary
sequences without separating out unbound probes. This enables the detection of
real-time mRNA expression inside of a living cell, which can be a powerful tool for
understanding biological mechanisms and studying how different conditions can
impact the cell.

C.D. Medley (�)
Small Molecule Pharmaceutical Sciences, Genentech, USA
e-mail: medley.colin@gene.com

Z. Zhu
Department of Chemical Biology, College of Chemistry and Chemical Engineering,
Xiamen University, Xiamen 361005, P.R. China
e-mail: zhuzhi@xmu.edu.cn

C.J. Yang and W. Tan (eds.), Molecular Beacons, DOI 10.1007/978-3-642-39109-5 10,
© Springer-Verlag Berlin Heidelberg 2013

153

mailto:medley.colin@gene.com
mailto:zhuzhi@xmu.edu.cn


154 C.D. Medley and Z. Zhu

Given the complexity of the intracellular environment, several factors must be
taken into consideration when using MBs inside living cells. The first challenge
is concentration. Excessive amounts of probe create a fluorescence background
that makes it difficult to detect changes in the fluorescence level associated with
target hybridization. On the other hand, too few probes make the detection of the
fluorescence more challenging and risk saturation of the probes such that differences
in expression levels are not detected. Another challenge is consistency. If variation
in the amount of probes delivered between cells is too high, analysis of the mRNA
expression inside the cell can be compromised. Once inside the cell, the MB must
now survive enzymatic cleavage from DNases and nonspecific protein binding from
single-strand binding protein that melts the stem of the probe. Both the binding and
digestion of the probe result in the restoration of fluorescence, mimicking a target
hybridization event. Despite these issues, the utility of MBs has been successfully
demonstrated inside living cells, leading to many developments that improve both
the way probes are used in the intracellular matrix and the way probes are designed
and constructed. Many technological advances, such as ratiometric analysis and
the inclusion of nonnative nucleic acid bases into the probes, have enabled the
quantitative analysis of mRNA expression on a single-cell level.

10.2 Molecular Beacon Design for Intracellular
RNA Detection

The use of MBs for intracellular RNA detection and localization requires the design
of the MB such that it recognizes mRNA inside a cell. The design of the MBs
with this special purpose involves three major areas: the loop, the stem, and the
fluorophore/quencher pair. The loop region is of primary concern when designing
MBs for intracellular use. The first step requires the selection of an appropriate
target region on the mRNA sequence for the MB, particularly since large mRNA
sequences exhibit a complex secondary structure. The MB must be able to reach
to its complementary sequence through the secondary structure, or the MB will not
hybridize and produce the fluorescent signal for detection. Current mRNA folding
programs do not give a completely reliable secondary structure; thus, a series of
MBs is generally selected for each mRNA sequence. Once possible target sequences
are identified through the RNA folding programs, the complementary loop sequence
can be designed. After the loop region is designed, the stem region is next and is
constructed so that the stem region is not complementary to any part of the loop.
Self-complementary regions between the loop itself and the loop with stem can
lead to stable secondary structures in the probe that greatly increase the background
fluorescence. Another effective strategy is incorporating base pairs in the stem that
also hybridize to the target sequence. This yields a larger region of complementary
bases that increases the stability of the hybrid state and reduces the phenomenon of
sticky-end base pairing that can reduce sensitivity.



10 Molecular Beacons for Intracellular Analysis: Challenges and Successes 155

MnSOD
MB

Control
MB B-actin

MB Cyclin D1
MB1 Cyclin D1

MB2

FAM/DABCYL

Optimal0

10

20

30

40

50

60

70

80

90
E

n
h

an
ce

m
en

t

Fig. 10.1 Comparison of the enhancements of MBs with FAM/Dabcyl and optimized
fluorophore/quencher pairs

Another more practical concern when designing and synthesizing MBs for
any application is the final nucleotide base positioned before the fluorophore.
Several investigators have observed that nucleotides can quench the fluorescence
emission of fluorophores with guanine (G) to be the best quencher among the bases
[13–15]. As a result, taken the advantage of this property, MBs designed with a
C connecting the fluorophore and a G linking the quencher moiety display better
signal enhancement than other arrangements.

Once the DNA portion of the MB is designed, the fluorophore and quencher pair
can be chosen. The proper selection of the fluorophore and quencher pair is another
important factor [16]. This is generally based on the instrumentation available for
the experiment to ensure efficient excitation and detection of the fluorophore in the
open state, as well as high quenching efficiency in the closed state. While many
probes are initially tested with FAM/Dabcyl fluorophore/quencher pairs, these are
often replaced for the actual applications to achieve better sensitivities. Figure 10.1
shows the fluorescence enhancements of several MBs using FAM/Dabcyl pairs
and then the higher quality pairs used in subsequent applications. In these ex-
periments, only the fluorophore/quencher pair was changed, and each MB was
at a concentration of 1 �M with a target concentration of 10 �M. The optimal
fluorophore/quencher pairs are Alexa Fluor 647 and Blackhole Quencher 3 for the
MnSOD MB, Alexa Fluor 555 and Blackhole Quencher 2 for the control MB,
Alexa Fluor 488 and Blackhole Quencher 1 for the B-actin MB, and Cy3 and
Blackhole Quencher 2 for both of the Cyclin D1 MBs. The complete sequences
and fluorophore/quencher pairs are listed in Table 10.1. In each case, the optimized
fluorophore/quencher pair exhibits both a great signal enhancement between the
open and closed states and a greater overall level of fluorescence. Both of these
improvements are especially useful when dealing with the small number of probes
and target sequences in intracellular applications.
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Table 10.1 Molecular beacon sequences

MB name Sequence with fluorophore/quencher pair

Control MB1 50-Cy5-CCT AGC TCT AAA TCG CTA TGG TCG CGC TAG
G-BHQ3-30

Control MB2 50-AF555-CCT AGC TCT AAA TCG CTA TGG TCG CGC
TAG G-BHQ2-30

B-actin MB1 5’-TMR-CCG TCG AGG AAG GAA GGC TGG AAG AGC
GAC GG-BHQ2-30

B-actin MB2 50-AF488-CCG TCG AGG AAG GAA GGC TGG AAG AGC
GAC GG-BHQ1-30

Cyclin D1 MB1 50-Cy3-ACG ACG GCC ACC ACG CTC CCC GCT GCC
ACC GTC GT-BHQ2-30

Cyclin D1 MB2 50-Cy3-GCA GCA TCC AGG TGG CGA CGA TCT TGC
TGC-BHQ2-30

MnSOD MB 50-AF647-CCG AGC CAG TTA CAT TCT CCC AGT TGA
TTG CTC GG-BHQ3-30

10.3 Molecular Beacon Delivery

Delivery of MBs inside the cell has been an area of considerable research effort,
which has resulted in many effective options for intracellular delivery. The most
common delivery methods include microinjection [17], electroporation [18],
peptide-assisted delivery [19], and reversible permeabilization [20]. The detailed
introduction and technical description can refer to Chap. 9. Here we provide several
examples of using these methods for DNA intracellular delivery to compare their
delivery efficient and required time sale.

10.3.1 Electroporation

Electroporation is a common method for gene transfection and can refer to either
single-cell electroporation or the mass delivery of materials to a whole population
of cells. The electroporation method essentially creates pores in the cell membrane
through the application of an electrical pulse to the cells. The pulse causes the
cell membrane to develop pores which allows any probes surrounding the cells
to pass through the cell membrane. The major advantage of electroporation is its
ability to achieve a mass delivery of the probes with a very short (less than 1 min)
incubation time, thus allowing real-time monitoring of the probe. In this experiment,
electroporation, as a mass delivery method, was performed using a BTX ECM 830
pulse generator (Harvard Apparatus) with a PP35-2P Petri Pulser electrode. The
electrode, with an electrical pulse sufficient to deliver DNA into the cell, is designed
to fit a 35 mm cell culture dish. The initial settings were based on a protocol for
MDA-MB-231 cells provided by BTX, using a pulse of 300 V for 50 �s with a
1 �M concentration of fluorophore-labeled DNA.

http://dx.doi.org/10.1007/978-3-642-39109-5_9
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Fig. 10.2 (a) Fluorescence images of cells after electroporation in a 5 �M DNA-spiked medium.
(b) Average cell intensities of ten cells after electroporation

This protocol produced no noticeable change in the fluorescence of the cells.
The voltage, pulse length, concentration of DNA, and number of pulses were then
increased until reaching the instrument maximums. The results of a representative
experiment performed with five pulses of 1,000 V for 50 �s each in Fig. 10.2 with
the fluorescence image (A) and the average cell intensities (B) indicated little to no
uptake of the DNA transpired. These experiments were repeated using trypsinized
cells in BTX electroporation cuvettes, and the cells were imaged after replating
in a 35 mm culture dish. However, no fluorescence signal reached levels suitable
for use as an MB delivery method. While electroporation functions well for gene
transfection, in which only low copy numbers of the genes need to be delivered,
these results indicate that the method does not translate well for MB probe delivery.
For reliable detection of gene expression, a large amount of probes needs to be
delivered to the cells. The failure of the electroporation delivery method means that
obtaining high-throughput delivery of the probes for real-time measurements may
not be feasible at this juncture, as other methods for mass cellular delivery require
incubation times of at least 30 min, and there is no practical method for the high-
throughput use of microinjection, which can guarantee the delivery amount but need
to be injected to cells individually.

10.3.2 Reversible Permeabilization

Similar to electroporation, reverse permeabilization also delivers the MBs through
pores created in the cell membrane. However, it involves the use of the chemical
streptolysin O (SL-O) to create pores in the cell membrane. In order to evaluate
the use of reversible permeabilization as a delivery method for MBs, two primary
criteria were established. The first and most important was the efficiency of probe
delivery. If an insufficient amount of probe is delivered to the cell, then the overall
sensitivity of the measurement is affected. Also, the amount delivered to the cell
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Fig. 10.3 (a) Fluorescence image of fluorophore-labeled DNA delivered through reversible
permeabilization. (b) Average intensities of ten random cells after delivery of probe using
reversible permeabilization

needs to be relatively reproducible. There will likely be some cell-to-cell variations
in delivery; however, many variations can be compensated by using ratiometric
analysis which will be discussed at a later point in the chapter. For probes to
be delivered in effective quantities, the second criterion involves an incubation
requirement. Since unmodified DNA-based MBs will be used for subsequent
experiments, the incubation time for the delivery must take less than 30 min,
essentially because degradation of MBs inside the cell will normally occur after
this time point. MB degradation also causes the restoration of fluorescence, thereby
making it indistinguishable from target hybridization. Therefore, in measurements
taken after 30 min, it will be difficult to distinguish which signal resulted from target
hybridization and which signal resulted from probe degradation.

Fluorophore-labeled probes were delivered into living cells using a previously
published reversible permeabilization protocol [21]. The protocol utilizes SL-O,
which binds to cholesterol molecules in the cell membrane to form channels
approximately 30 nm in diameter in serum-free media and was shown to be a rapid,
efficient, less damaging, and more versatile compared with many conventional
transfection methods [22]. Specifically, SL-O was first activated by adding 5 mM
of TCEP to 2 U/ml of SL-O for 30 min at 37 ıC. Cells grown in 35 mm dishes
were incubated for 10 min in 200 ml of serum-free medium containing 0.2 U/ml
of activated SL-O (0.5 U SL-O per 106 cells) and 1 �M of the Alexa Fluor
488-labeled DNA. The cells were then incubated for different incubation periods
of 15, 30, 45, and 60 min. The cells showed uptake of the DNA after 15 min;
however, the uptake did not plateau until 45 min (data not shown). Figure 10.3a
shows a representative fluorescence image, and Fig. 10.3b shows the average
fluorescence intensity of ten random cells. After 45 min, the cells showed a relatively
reproducible fluorescence intensity that was quite suitable for imaging or other
applications. While the incubation time was too long for conventional DNA MBs,
reversible permeabilization will likely be an effective delivery method for probes
enhanced with nuclease or protein resistance.
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Fig. 10.4 (a) Fluorescence image of cells after delivery of fluorophore-labeled DNA using a
lipid-based transfection reagent. (b) Average fluorescence intensities of ten random cells after
delivery of fluorophore-labeled DNA

10.3.3 Liposome Delivery

Lipid-based transfection reagents constitute another common method for the deliv-
ery of DNA into cells. These reagents form a bilayer similar to the cell membrane
when placed in aqueous environments. Any material stable in the aqueous envi-
ronment is then trapped inside the membrane. When mixed with the cells, the
liposome can deliver their contents inside the cell, either through incorporation
of the lipid bilayer into the cell membrane or the breakdown of the bilayer by
lysosome inside the cell, both of which cause the release of the materials into
the cell. In order to determine whether lipid-based transfection would be suitable
for probe delivery, a commercially available transfection reagent Lipofectamine
2000 (Invitrogen) was used to deliver Alexa Fluor 488-labeled DNA. Prior to any
experiments, the cells were incubated in antibiotic-free media to prevent any uptake
of the antibiotic into the cell. The uptake of the antibiotic into the cell through the
liposome complexes is highly toxic to the cells. The stock DNA was then diluted
to 1 �M concentration, while 10 �L of Lipofectamine was diluted in a separate
50 �L solution of cell media. Then the diluted Lipofectamine was gently mixed
with 50 �L of the DNA solution and incubated for 30 min. The cell media in the
cell culture dish were then replaced with the transfection mixture and incubated
for 1 h. After the incubation period, the transfection reagents were removed, and the
cells were washed three times with cell media. The cells were then imaged, as shown
in Fig. 10.4a. The average intensities of ten random cells are plotted in Fig. 10.4b.
Incubation times of less than 1 h were also tested and found to have significantly
lower fluorescence intensities than that of 1-h incubation. These liposome-based
transfection results indicate that this methodology can deliver sufficient amounts of
DNA inside the cell for analysis. However, the required incubation times (about 1 h)
are unsuitable for DNA-based MBs. It is interesting to note that liposomes appear
to have an affinity for the culture dish surface, as well as the cell membrane of



160 C.D. Medley and Z. Zhu

the cultured cells. In each experiment conducted with the liposomes, the bare cell
culture dish surface generally had several highly fluorescent spots on the surface,
even after several washing steps. While this affinity did not appear to affect the
overall results, the presence of the spots on the dish can impair the determination of
the fluorescence background and lead to some uncertainty in those determinations.
In addition, because the liposome-based methods allowed delivery of the MB into
the cell without forming artificial pores or physical injection, they had the greatest
variability in the delivery, and further use would likely require some form of
normalization.

10.3.4 Viral Vector Delivery

Following the establishment of the first infectious clone of AAV serotype 2
(AAV2) in 1982 [23], viral vectors have rapidly gained popularity in gene therapy
applications by their lack of pathogenicity, wide range of infectivity, and ability
to establish long-term transgene expression [24]. Recombinant AAV2 vectors have
been tested in preclinical studies for a variety of diseases, such as hemophilia, 1 anti-
trypsin deficiency, cystic fibrosis, Duchenne muscular dystrophy, and rheumatoid
arthritis. At least 20 clinical trials have been completed or initiated with 15 different
AAV2-based vectors being administered in several hundred patients thus far [24].
Also, AAV vectors have been used for gene delivery in a variety of cell types,
including the liver [25–27], muscle [26], brain [28], retina [29], and cancer cells
[30]. Therefore, we have sought to determine whether they have potential as a
delivery vehicle for DNA-based molecular probes. AAV viral vectors that were
modified to express several biotin molecules on their surface were obtained from the
labs of Kenneth Warrington. Prior to incubation with the cells, the virus vectors were
incubated with excess FITC-labeled streptavidin for 12 h. In theory, the streptavidin
would then be used to attach several biotinylated sequences onto the surface of the
vector; however, for this proof of concept, the labeled streptavidin alone was used
for the quantification of the amount delivered. After incubation with the streptavidin,
the viral vectors were incubated with the cells for 1 h, based on published reports at a
concentration of 1,000 viral particles per cell. Figure 10.5a depicts a representative
fluorescence image of the cells, while Fig. 10.5b shows the average intensities of
ten random cells. Overall, the viral vectors delivered a fair amount of material into
the cell, although it was less than many of the other methods tested. It should be
noted, however, that once any biotinylated probe was added to the vector, 2–3 times
as much probe material could be delivered as a consequence of the multiple biotin-
binding sites situated on the streptavidin. While further optimization of the delivery
protocol would have proved beneficial, there was insufficient virus for subsequent
experiments. This indicates still another limitation of the viral vector-based delivery:
the lack of commercially available vectors suitable for use with synthetic DNA
probes.
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Fig. 10.5 (a) Fluorescence image of cells after incubation with a FITC-streptavidin-conjugated
viral vector. (b) The average intensity of ten random cells after incubation with FITC-streptavidin-
linked viral vectors

10.3.5 Microinjection

Microinjection is a well-established technique for the delivery of materials into the
cell. The MB solution is loaded into the tips and connected to a microinjector. Once
the tip is positioned inside the cell, the microinjector sends a pulse of pressure
through the tip that forces the MB solution into the cell. Using microinjection, the
primary criterion for the delivery of Alexa Fluor 488-labeled DNA was the amount
of DNA delivered. Since no incubation time is necessary for microinjection, it
allows the real-time monitoring of hybridization events inside the cell. However, the
low throughput and high technical expertise required make systematic studies using
microinjection much more difficult and time-consuming. A Leiden microincubator
with a TC-202A temperature controller (Harvard Apparatus, Holliston, MA) was
used to keep the cells at 37 ıC during injection and monitoring. An EXFO Burleigh
PCS-6000-150 micromanipulator was used for positioning the injector tip. An
Eppendorf Femtojet microinjector with 0.5 �m Femtotips was used to inject the
1 �M Alexa Fluor 488-labeled DNA sequence into the cell. The cells were injected
utilizing a 40x 1.35 NA oil immersion objective. The cells were injected with the
DNA at 8 psi for a duration of 10 �s.

The cells to be injected were selected based on morphology in an effort to
inject healthy cells. Cells displaying a small round morphology or a large bulge-
like morphology were not injected. Figure 10.6a shows a representative injected
cell, while Fig. 10.6b shows the average intensity from ten different injected cells.
Overall, the injected cells had the highest signal intensity of all delivery methods
tested and showed good reproducibility. The use of microinjection produces several
advantages. Without the need for incubation time, real-time monitoring can proceed.
Also, an effective amount of probe can be delivered, and the approach is valid for
most adherent cell types.
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Fig. 10.6 (a) A representative image of a cell injected with the fluorophore-labeled DNA. (b) The
average cell intensities of ten different cells injected with the fluorophore-labeled DNA sequence
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Fig. 10.7 (a) Fluorescence image of cells incubated with the fluorophore-labeled DNA sequence
for 1 h. (b) Plot of the average cell intensities of ten random cells incubated with the fluorophore-
labeled DNA

10.3.6 Incubation

The delivery efficiency of a simple incubation of the Alexa Fluor 488-labeled DNA
sequence was also performed. This experiment was conducted more as a control
for the previous techniques that required an incubation time than as a true delivery
method. For these experiments, a 1 �M solution of AF488-labeled DNA was
prepared using cell media. The cells were incubated for 1 h in the DNA-spiked cell
media, after which the DNA-spiked media were replaced with normal cell media.
The fluorescence images and analysis were performed at that time. Figure 10.7a
shows the cells after the incubation, while Fig. 10.7b illustrates the average cell
intensities of the live cells obtained after incubation. While many of the dead cells
(based on morphology) exhibited high fluorescence intensity, indicating an uptake
of the probe, living cells showed little to no uptake of the fluorophore-labeled DNA.
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Fig. 10.8 Average intensities from the cells for each DNA delivery method tested

This indicates that incubation alone is insufficient as a delivery method and that the
results from the previous experiments where uptake of the DNA occurred did not
result from simple incubation of the probe.

10.3.7 Delivery Method Conclusions

In order to more effectively compare the different delivery methods, the average
fluorescent intensities of the cells analyzed for each delivery method were calculated
and plotted in Fig. 10.8. Microinjection, reversible permeabilization, and the
liposome-based transfection all performed well, with each method delivering an
experimentally significant amount of the fluorophore-labeled DNA. The viral vector
approach shows the potential for being a solid method for MB delivery, although
much more work is still required to achieve that goal. Electroporation and incubation
were both unsuccessful in delivering the fluorophore-labeled DNA inside the cells.
However, in selecting a delivery method for future studies with DNA MBs, there
were two main criteria established: that sufficient amounts of material should be
delivered and that any incubation must be less than 30 min. The two methods
that achieved delivery in less than 30 min were microinjection and electroporation.
However, electroporation did not deliver sufficient material for use in the intra-
cellular studies, leaving microinjection as the only viable method left. However,
when effective probes that are more stable in the intracellular environment are used,
delivery methods, such as liposome transfection and reversible permeabilization,
should be very effective options for MB delivery, assuming delivery efficiencies
similar to those of the nonstandard MBs. The use of microinjection does create some
additional problems like being low throughput and technically demanding, but these
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Fig. 10.9 Transmission and the fluorescent images of a PtK2 cell injected with a “-1 adrenergic
mRNA MB at 3-min intervals for 18 min (Reprinted with permission from Ref. [31]. Copyright
2001 American Chemical Society)

are inherent to the method and cannot be effectively addressed. The variability that
can be seen in the amount of probes delivered and other experimental variations can
be addressed through different normalization procedures. In particular, ratiometric
analysis can be an effective tool in obtaining more reliable results from even
technically demanding intracellular studies.

10.3.8 Applications of Molecular Beacons for Intracellular
Analysis

Currently, MBs have been used for intracellular analysis in a variety of cell systems
for studying both expression and localization of mRNA. In 2001, the real-time
hybridization of an MB to mRNA was visualized inside of a single cell [31]. In this
study, MBs specific for “-actin and “-1 adrenergic mRNA were used to detect their
respective mRNA targets in kangaroo rat kidney (PtK2) cells. Figure 10.9 shows the
sample response of a “-1 adrenergic MB hybridizing to its target inside of a PtK2
cell. The MBs were delivered to the cells using microinjection and then monitored
for 18 min. In the PtK2 cells, an increase in fluorescence intensity was detected
for both the “-actin and “-1 adrenergic MBs. In order to prove that increase of
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fluorescence was from the intended interaction, a negative control MB was also
monitored for its response inside of a cell. The negative control MB, which had
no complement inside the cells, showed no increase in fluorescence inside the cell.
This indicates that the fluorescence from the targeted MBs was caused by target-
specific hybridization, as opposed to a nonspecific interaction, since any nonspecific
interaction or degradation would have equally affected the negative control MB.
This study demonstrated the real-time detection capabilities of MBs for mRNA
detection and showed conclusively that MBs could be very valuable tools for
visualizing gene expression inside single living cells.

While early studies showed the potential of the technology, the variability and
uncertainty in the intracellular environment led to more efforts to verify the changes
in fluorescence using multiple fluorescent species inside a single cell. In 2003, Tyagi
et al. demonstrated that MBs could be used for the visualization of the distribution
and transport of mRNA [32]. In this study, an MB for oskar mRNA was investigated
in Drosophila melanogaster oocytes. They initially demonstrated visualization of
the distribution of oskar mRNA in the cell; however, because of the fluorescence
background exhibited from the MBs, they decided to use a binary MB approach
that utilized two MBs that targeted adjacent positions on the mRNA. When both
MBs were hybridized to the mRNA sequence, the donor and acceptor fluorophores
were brought within close proximity, thus allowing FRET to occur. This generates
a new signal that indicated hybridization of both MBs with the mRNA. In addition
to visualizing the mRNA distribution, they were also able to track the migration of
the mRNA throughout the cell and even into adjacent cells in the oocyte. This study
demonstrated the potential of MBs for studying the localization of mRNA inside of
single cells, and it also demonstrated that MBs could be used for tracking mRNA
migration, even into different cells. Other studies have been built on this line of
investigation and have imaged MBs on viral mRNA inside host cells to study the
mRNA behavior [33]. This study investigated the localization of the mRNA inside
the cell, and it also utilized photobleaching of the fluorophore on the MB in order to
study the diffusion of the MB mRNA hybrids. These studies demonstrate the wealth
of information that can be gained through the visualization of MB hybridization
inside a single cell.

In addition to localization and distribution, expression levels of mRNA have
also been studied inside living cells using MBs. Using a dual-MB FRET approach,
the relative expression levels of K-ras and survivin mRNA were determined in
human dermal fibroblasts [20]. This involved designing two MBs for adjacent
target regions. Once both MBs hybridized to the same mRNA, the fluorophores
on the MBs were brought within close proximity, and FRET was allowed to occur.
Using this process, they demonstrated the localization of the two mRNA sequences
in different cell types and how the different mRNA sequences were localized
at different regions inside the cell. The use of the two MBs allowed for much
greater specificity since the signal required two separate hybridization events to be
generated (Fig. 10.10).

One of the limitations of MBs for intracellular analysis has been the inherent
variability in the fluorescent measurements obtained. However, it is difficult to
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Fig. 10.10 Intracellular imaging of single cells using MB probes. A ratiometric approach has been
used to minimize experimental variations and enable more reliable data collection. On the top
row are the cellular responses for “closed” MBs. On the bottom row are the cellular responses
for “open” MBs. (a) and (d) are the fluorescence emission images of a reference probe. (b)
and (e) correspond to fluorescence emission images of the MB probe response. (c) and (f) are
representative ratiometric images of the MB responses by dividing the image from the MB by the
image of the reference probe

attribute these variations to any one cause, such as instrument or experimental
variability, variations in gene expression, or simply different amounts of probe being
delivered into the cell. In an effort to eliminate the experimental and instrumental
variations in order to study the stochasticity of gene expression, a method of
ratiometric analysis was developed and applied to cancer cell genomics [34]. In
this approach, a fluorophore-labeled DNA reference probe was injected along with
the MBs. The reference probe exhibited a constant level of fluorescence relative to
the MB signal that resulted in a ratiometric value for the MB that was independent
of instrumental variations, like the amount of probe delivered to the cell, and
experimental variations, like different cell volumes. Since the ratio of the reference
probe to the MB is constant, any increase in the ratio would result from the increase
of MB fluorescence, indicating target hybridization. The concept of ratiometric
analysis is demonstrated in Fig. 10.11. This figure shows that the reference signal
remains constant and that differences between hybridized and unhybridized MBs
can be easily distinguished.

Using ratiometric analysis to normalize the fluorescence measurements and cir-
cumvent the sources of variation, the stochasticity of the gene expression was then
studied in detail using cells at basal expression levels, chemical gene stimulation
in cells, and cells transfected to overexpress a specific gene. Figure 10.11 shows
the stochasticity of the basal gene expression of manganese superoxide dismutase
(MnSOD) inside of single cancer cells. As can be seen in Fig. 10.11, the gene of
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Fig. 10.11 Ratiometric images of MDA-MB-231 cells at 10 min after the injection of MB-2. R
values indicate the average ratiometric value of the cytoplasm after analysis

expression of MnSOD varies from cell to cell from very low expression levels to
much higher expression levels. Once the ratiometric analysis was developed, the
stochasticity of each group of cells was studied for both MnSOD and “-actin mRNA
expression using scatterplots. While the “-actin mRNA expression was similar in
each group of cells, the MnSOD expression for each group of cells had a distinct
pattern. Thus the applicability of the ratiometric analysis was demonstrated and
shown to compensate for many of the variations encountered in single-cell analysis.

Other publications have also utilized ratiometric analysis as a means of nor-
malizing the MB signal in order to compare the gene expression profiles in
different groups of cells [35]. Here multiple genes were detected simultaneously
using ratiometric analysis. In these experiments, “-actin and MnSOD mRNA were
detected inside of human breast cancer cells. In addition to MBs for “-actin and
MnSOD, control MB with no complement inside of the cell was injected. The MBs
were delivered using microinjection and imaged using confocal microscopy. The
confocal microscope was able to resolve the three MB fluorophores in addition
to the reference probe fluorophore. A sample cell is shown in Fig. 10.12 with the
fluorescent images of the MBs and the reference probe. In this figure, it should be
noted that (1) the reference probe fluorescence stays constant over the duration of
the monitoring period, as the ratiometric analysis assumes that this signal remains
constant, and (2) control MB shows a very low level of fluorescence with no increase
in signal during the monitoring period. This reinforces that the increase of the
fluorescence seen in the “-actin MB channel is due to a specific hybridization event
for if the signal increase was due to a nonspecific interaction, the control MB would
also be affected.

In order to demonstrate the potential of the technique, the chemical stimulation
of gene expression was also studied. This was accomplished by incubating one
group of cells with lipopolysaccharide (LPS). LPS was previously shown to increase
the expression of MnSOD mRNA. Twenty cells of each type were injected with
the mixture of MBs and the reference probe, and the gene expression profile
of each cell was determined. The results of this study after ratiometric analysis
can be seen in Fig. 10.13. The data in Fig. 10.13 illustrate that the control MB
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Fig. 10.12 Time-lapse fluorescent images of each MB inside of a single MDA-MB-231 cell. (a)
The image of the “-actin MB (green), (b) control MB (red), (c) MnSOD MB (blue), and (d)
reference probe (orange) (Reprinted with permission from Ref. [35]. Copyright 2005 American
Chemical Society)
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Fig. 10.13 Histograms showing the distribution of ratiometric responses for control and LPS-
induced MDA-MB-231 cells with control MB (middle), MnSOD (right), and B-actin MB (left) as
measured simultaneously in each cell
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signal remains at a low level for both groups of cells. The expression of “-actin
also remained very similar between both groups of cells. However, the MnSOD
mRNA expression increased dramatically, as can be seen by the shift in the MnSOD
expression in the histogram. While the overall trends are consistent, this study also
showed considerable variability in gene expression on a cell-to-cell level. This is
consistent with the previously mentioned study that also demonstrated a high degree
of stochasticity in the gene expression on a cell-to-cell basis. Moreover, these results
were consistent with the growing realization that the average cell, as defined by cell
population analysis, might not exist [36, 37].

10.4 Improving Molecular Beacon Stability Enables Longer
Monitoring Times

Improving the stability of MBs has been the focus of much effort and has led to the
incorporation of many types of nonstandard bases into the probes, including locked
nucleic acid bases [38], 20-methoxy RNA [39], phosphorothioated bases [40], and
even peptide nucleic acids [41]. The idea behind this approach is to make the MBs
resistant to single-strand binding protein and endogenous nucleases that result in
limited lifetimes for the probe inside of the cell. LNA-based MBs have already been
demonstrated to be more stable inside the cell than DNA-based MBs, as seen in
Fig. 10.14.

LNA MBs are limited by their slower hybridization rates which, in turn, impair
their effectiveness in real-time monitoring. Further efforts with LNA have focused
on chimeric MBs with both DNA and LNA to impart the stability of LNA, along
with the hybridization rates of normal DNA [42]. This has resulted in probes that
can monitor mRNA expression in real time for hours, as shown in Fig. 10.15 [43].

Fig. 10.14 Background signal of LNA- and DNA-based MBs as a function of time inside of single
living cells
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10.5 Intracellular Applications of Molecular Beacons

The major purpose behind the development of advanced techniques and probes is the
use of MBs for studying intracellular processes. One such process, the movement
of mRNA from translation sites to transcription sites, was visualized using MBs
[44]. MBs have also been used to track the movement of ribonucleoprotein
complexes through the nucleoplasm to the nuclear periphery [45] and characterize
their movement inside of the nucleus [46]. Outside of the nucleus, mRNA has
also been visualized colocalizing with mitochondria in the cytoplasm [47]. Many
intracellular applications focus on visualizing the localization and movement of
mRNA inside of cells. These studies include studying viral mRNA, cancer-related
mRNA expression, and mRNA related to DNA damage. Studies have demonstrated
monitoring the localization and transport of poliovirus [33] and influenza A [48]
viral mRNA inside of individual cells. Inside of host cells, it was found that roughly
half of the poliovirus RNA was immobilized inside of the cell, while the other
half diffused freely. It was also shown that the revealed entrapment and diffusion
mechanism was associated with virus-induced membrane structures. The study of
influenza A mRNA transport was able to delve deeper into the transport pathways
of viral mRNA utilized in living cells. It found that the export of influenza A
virus mRNA is independent of the CRM1 pathway, while the function of RNA
polymerase II (RNAP-II) may be needed. Influenza A virus mRNA transport in
living cells was characterized, and it was suggested that it may be exported from
the nucleus by the cellular TAP/p15 pathway with NS1 protein and RNAP-II
participation. Real-time detection of Coxsackievirus replication inside of infected
living cells has also been reported using nuclease-resistant MBs [49]. The study
of gene expression among cancer-related genes inside single cells has also been a
focus of researchers. This includes studying how different treatments impact gene
expression [17, 35] and the relative expression levels of specific genes in normal
and cancerous cell lines [50]. Exploring the genetic foundations of DNA damage
response inside of single cells illustrates a positive correlation between RAD52
gene expression and gamma-ionizing radiation and MMS-induced DNA damage
in human TK6 cells [51]. This myriad of applications demonstrate the immense
scope of information and understanding that MBs can unlock in the intracellular
environment.

J
Fig. 10.15 Representative microinjection experiments. (a) Relative fluorescence signal changes
of control MB and MnSOD MB during 1.5 h without LPS treatment and during 4 h with LPS
treatment. The y-axis represents the signal changes relative to the initial fluorescence signal directly
after microinjection (supporting information). (b) Time-lapse of control MB (green) and MnSOD
MB (red) inside of a MDA-MB-231 cell. The control MB fluorescence did not change over time,
but that for MnSOD changed significantly, as the gene was induced by LPS. (c) Histograms of
relative fluorescence signal change of MnSOD MBs (no pattern) and control MB (cross-hatched
pattern) without LPS and with LPS treatments within different cells (Reprinted with permission
from Ref. [43]. Copyright 2008 American Chemical Society)
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10.6 Conclusion

Molecular beacons continue to achieve their potential in a variety of applications
from DNA arrays to protein studies. One avenue of research that has continued
to evolve is the use of MBs for studying living cells. Initial results focused on
visualizing the distribution of mRNA expression inside of the cell. This line of
inquiry graduated to quantitative application for comparing gene expression over
short monitoring times. All the while, many advances in the field of molecular
probes, from delivery to composition, continued to push the capabilities of MBs.
Currently, multiple MBs are able to remain stable inside of a single cell for hours,
enabling research into gene expression pathways and biological mechanisms. With
optimized and newly developed tools in hand, future work in this field will focus
on using MBs to gain greater understanding of living cells and biological processes
from the genetic level.
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Chapter 11
Molecular Aptamer Beacons

Cuichen Wu, Chaoyong James Yang, and Weihong Tan

Abstract In this chapter, we present a special class of nucleic acid probes, called
molecular aptamer beacons, which combine the specific recognition of aptamers
and the signal transduction of molecular beacons. By using SELEX process, single-
stranded aptamers can be selected to bind essentially any targets ranging from
ions, small molecules, peptides, proteins, virus, and even whole cells. Aptamers
have gained increasing attention in the field of molecular recognition, design of
biosensors, and investigation of RNAs in living cells due to their good selectivity,
high affinity, convenient synthesis, and easy modification. There are different
designs of molecular aptamer beacons, such as replacing the loop part of molecular
beacons into a target-specific sequence, splitting an aptamer into two subunits that
reconstructed in the presence of target molecules, and structure-switching molecular
beacons. In addition, we also present detailed discussion on the molecular aptamer
beacons developed for fluorescent, electrochemical, and optical applications.
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11.1 Introduction

Conventional molecular beacons (MBs), firstly reported by Tyagi and Kramer
in 1996 [1], are hairpin-shaped oligonucleotide with fluorescence-donor and
fluorescence-acceptor moieties on either terminal of a nucleic acid sequence.
The loop sequence is usually designed to be the complementary part of a special
target nucleic acid. Due to the specific recognition of target nucleic acid sequences,
a spontaneous conformation change occurs upon hybridization to restore the
fluorescence. By monitoring the change of fluorescence intensity, the original
MBs were used for the detection of DNA and RNA in living systems [1–4], design
of biosensors [5, 6], and investigation of nonspecific protein-DNA interaction [7–9].
However, MBs lack sequence specificity in protein recognition, which only limits a
few nonspecific ssDNA-binding proteins used in these assays [10, 11].

To overcome the limitations in lacking of specific recognition for MBs, an-
other special class of nucleic acid probes, aptamers, is presented. Aptamers are
single-stranded oligonucleotides selected to bind essentially any targets with high
selectivity and affinity through a process called SELEX (Systematic Evolution
of Ligands by EXponential Enrichment, Fig. 11.1) [13–15]. As the nucleic acid
equivalent of antibodies, aptamers have transcended base-recognition ability of
nucleic acids to recognize almost every type of species ranging from ions, small
molecules, peptides, proteins, virus, and even whole cells. Aptamers can bind to
target protein molecules as well as nucleic acids with an excellent selectivity and
sensitivity based on their high affinity acquired during the SELEX process. There

Fig. 11.1 In vitro selection of target-specific aptamers using SELEX technology (Reprinted with
the permission from Ref. [12]. Copyright 2009 American Chemical Society)
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are several properties of aptamer that make it an excellent nucleic acid probe of
choice for interaction study. First, they bind to their target with good selectivity and
affinity, and the binding affinity can be fine-tuned easily by site-specific mutations.
Second, it is convenient to be synthesized by chemical methods in a large quantity
and with perfect reproducibility. Third, aptamers are easy for conjugation with
different fluorescent dyes, radiolabels, or other biomolecules. In addition, aptamer
sequences are more stable than proteins under a wide range of conditions and could
be repeatedly used without losing their binding capabilities. Moreover, aptamers are
suitable for many unique signaling methods because of the predictable and tailorable
structures of nucleic acids. It is possible to design aptamer probes based largely on
their secondary structures with minimal knowledge of their tertiary structures [12].
A novel nucleic acid probe called molecular aptamer beacon (MAB) is developed by
the excellent combination of the high binding affinity of aptamers and the sensitive
signal transduction mechanism of MBs. In this chapter, different design approaches
and applications of MABs will be introduced.

11.2 Designs of Molecular Aptamer Beacons

Similar to MBs, general MABs are designed by labeling a fluorophore and a
quencher on either end of the stem. However, different from MBs, whose loop
moiety is usually the complementary part of target, not only the loop moiety, even
partial stem is able to be used as recognition elements. This special variation brings
a diverse design mechanism into MABs.

11.2.1 Molecular Beacon Design

The most direct way to construct MABs is to replace the loop part of MBs to a target-
specific sequence. Tan et al. have developed a MAB targeting to single-stranded
DNA-binding protein to investigate the protein-DNA interaction [8]. In this design,
the target molecule is protein which results in restoration of the fluorescence signal.
In order to integrate MBs and aptamers and improve the binding affinity of MABs to
target molecules, Ellington et al. have proposed a general method for direct selection
of MAB [16]. A random pool of synthetic DNA sequences with fluorophore label
close to 50 end is synthesized firstly. After annealing with a short piece of capture
oligonucleotide labeled with quencher and biotin on 50 and 30 end, respectively, the
capture pool is incubated with streptavidin-agarose and transferred to a column.
There is no fluorescence emission due to the fluorescence resonance energy transfer
between fluorophore and quencher. After addition of ligand, the fluorescence
intensity of fractional ssDNA will restore, which demonstrates the binding event
between ligands and ssDNA. All elutes are collected and amplified by PCR.

Successful selection of MABs has proved their potential in non-nucleic acid
target classes, such as ions, small molecules, and even proteins. Takenaka et al.
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constructed a potassium-sensing MAB for the specific detection KC in buffer
solution [17]. Two different dyes, FAM and TAMRA, are labeled at the 50- and
30-termini of a potassium-specific aptamer beacon. In the presence of KC, a
fluorescence resonance energy transfer can be observed and used as a quantitative
tool for the detection of potassium ions (Fig. 11.2a). The selectivity of MAB for
KC is 43,000 times higher than NaC. Another selected MAB targeting cocaine was
reported by Stojanovic et al. [18]. A fluorophore and quencher were labeled on
the either end of cocaine aptamer beacon (Fig. 11.2b). After addition of cocaine
molecules, the MABs were able to fold to a three-way junction form and bring
fluorophore and quencher closer, resulting in fluorescence intensity decrease. Even
in the complex serum media, 10 �M cocaine was able to be detected. A similar
fluorophore-quencher labeling strategy was reported by Ellington et al. to construct
MABs for direct detection of thrombin [19]. Tan et al. have developed a novel dual-
pyrene-labeled MAB, which are able to bind with high affinity to target protein
platelet-derived growth factor (PDGF)-BB [20] (Fig. 11.2c). When the dual-pyrene-
labeled aptamer beacon is free in solution without the target protein, both pyrene
molecules are spatially separated, and only the monomer emission peaks (at 375
and 398 nm) are observed. The binding of the aptamer beacon to the target protein
brings the pyrene molecules at 30 and 50 ends together, allowing the formation
of an excimer. Thus, the emission peak at nearly 485 nm appears. The changes
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in emission color enabled visual detection of 4 pmol of PDGF in homogeneous
solutions. Moreover, a strategy of time-resolved detection technique is adopted to
eliminate most of the background fluorescence from the biological fluids, because
the monomer and excimer emission of pyrene have much longer lifetimes (up to
100 ns) but most background fluorescence has a lifetime less than 5 ns.

11.2.2 Split Molecular Aptamer Beacons

Besides the intact MABs, other splitting MABs have been presented by dividing the
MAB sequences into two subunits. In order to achieve such molecular engineering
approach to split an intact MAB, the splitting site is crucial and hypothesized to not
affect the binding between splitting MABs and targets. After addition of targets, two
subunits of splitting MAB can be induced to assemble a target-MAB complex.

Stojanovic et al. applied two halves of anti-cocaine and anti-adenosine MABs
to sense cocaine and adenosine, respectively [21]. 6-FAM fluorophore was labeled
at the 50-termini of one halve, and dabcyl quencher was modified at 30-termini of
another halve. Cocaine and adenosine molecules can recognize the ligand-binding
pocket resulting in a formation of target MAB, and fluorescence quenching was
observed (Fig. 11.3a). This splitting MAB can distinguish the concentration range
from 10 �M to 1 mM ATP and 10 to 150 �M cocaine simultaneously. However, the
binding affinity of the self-assembled MABs (�200 �M) decreased compared to the
intact ones (20 �M). Willner et al. constructed self-assembled MABs by modifying
CdSe/ZnS quantum dots (QDs) at 30-termini of subunit 1 and Atto 590 dye 50-
termini of subunit 2. In the presence of cocaine, fluorescence resonance energy
transfer will be stimulated to achieve the detection limit of 1 �M [23].

To develop a general excimer signaling approach for MABs and overcome the
reduction of binding affinity by using splitting MABs, Yang et al. proposed an
optimized molecular engineering strategy for light-switching excimer probes by
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using two target-induced complementary aptamer fragments (CAF) to replace a
single-stranded aptamer sequence [24]. The MAB was split into two pieces by
breaking the parent sequence at nonbinding pocket loop region, and a series of
different cocaine aptamer fragment subunits were prepared by changing GC content
at nonbinding pocket areas. To ensure the introduction of cocaine can bring two
fragment sequences together, non-modified sequences were prepared, which was
followed by a simple UV absorption measurement screening assay. This screening
approach ensured the selection of the most optimized pair of fragment MABs,
which had the best sensitivity and comparative binding affinity. The optimized
complementary aptamer fragments were then labeled with pyrene molecule, one
at 50-termini and the other at 30-termini. In the presence of target molecules,
two complementary aptamer fragments were induced to assemble into an analyte-
aptamer structure, resulting in the formation of pyrene excimer. With an anti-cocaine
MAB, as low as 1 �M of cocaine can be detected using a fluorometer, and more
importantly low picomole level of target can be directly visualized with naked eyes.

Chen et al. applied split MABs to construct electrochemiluminescence (ECL)
biosensor for a highly sensitive detection of thrombin [22]. Antithrombin MAB was
divided into two fragments: capture part modified with thiol and immobilized on
the gold electrode and detection part functionalized with Ru(bpy)3

2C-doped silica
nanoparticles (Ru-SNPs). In the presence of thrombin, a simultaneous G-quadruplex
structure was formed resulting in the observation of ECL (Fig. 11.3b). The dynamic
range of thrombin concentration was 0.33–33 pM, and detection limit was 0.2 pM.
Berger et al. investigated the binding affinity between small molecules and split
MABs with atomic force spectroscopy (AFS) [25]. By monitoring the change of
rupture force with and without addition of AMP, the value of Kd was determined
comparative to the dissociation constant reported previously.

11.2.3 Structure-Switching Molecular Aptamer Beacons

Besides general and split MAB, there is another type of structure-switching
signaling aptamers that report molecular recognition events by switching structures
of DNA/target complex [26, 27]. The basic principle is that the structure-switching
MAB maintains a “signal-off” state before target binding; however, after triggering
by the addition of target molecules, the conformation of MAB will change and result
in a corresponding signal change. This idea of structure-switching MAB was firstly
reported by Li et al., who selected this novel MABs targeting to ATP and GTP in
vitro [28]. The duplex structure of structure-switching MAB has three domains:
(1) A modified aptamer (MAP) sequence contains stem-1, stem-2, and a toehold
tag. Stem-2 and toehold tag are usually designed as a target-responsive aptamer
sequence. (2) FDNA labeled with a fluorophore dye at 50-termini is complementary
to Stem-1. (3) QDNA modified with a quencher at 30-termini hybridizes with Stem-
2. This duplex structure keeps the fluorophore and quencher pair close to each other
before adding target. In the presence of target, the binding between target and MAP
will cause the structure switching and recover the fluorescence signal [26].
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There are several variations from the basic design of structure-switching MAB:
(1) Fluorophore is directly labeled at 50-termini of a MAB, and QDNA modified
with quencher is partially complementary to MAB. This design is relatively simple
due to a duplex structure formed by double-stranded DNA sequences and suitable
for short aptamer sequences. (2) Fluorophore is labeled in the middle of a MAB and
quenched by a quencher in a close approach without addition of target. This design
can be used for the binding site of MAB locating in the middle. (3) The whole
sequence of a MAB is blocked by FDNA and QDNA, which is proper for long
aptamer sequences. Such a variable design of structure-switching MABs provides a
potential to be used for different types of aptamers [27].

Ho et al. developed fluorescent structure-switching MAB-based “signal-on” and
“signal-off” mechanism [29]. Different from labeling fluorophore and quencher
on either end of MAB, a fluorescent nucleotide analogue, such as 2-aminopurine
and pyrrolo-dC, is introduced into competitor nucleic acid in the “signal-on”
mode. The fluorescence will be strongly quenched by the base-pair stacking of
MAB-competitor structure. After mixing with target, MAB and competitor will
dehybridize, resulting in a strong restoration of fluorescence emission. Koide
et al. have synthesized a photoinduced electron-transfer (PET) sensor with dichlo-
rofluorescein and N-(p-methoxyphenyl)piperazine as fluorophore and quencher,
respectively. RNA imaging was able to be achieved by using an RNA aptamer
to specifically bind the quencher moiety of PET sensor, resulting in a 13-fold
fluorescence enhancement [30].

11.3 Applications of Molecular Aptamer Beacons

11.3.1 Fluorescent Molecular Aptamer Beacon Sensors

Fluorophore labeling is the most principal approach in the signaling transduction
of MABs because fluorophore possesses a large amount of advantages. Firstly,
fluorescence has high sensitivity, which is important for the sample analysis with
small volume or low analyte concentration. Secondly, fluorescence spectroscopy
can achieve noninvasive and visual detection. Thirdly, by labeling a variety of
fluorescent tags to different molecules, fluorescence spectroscopy allows multiplex
detection and monitoring of various targets at the same time. Fourthly, the physical
size of organic fluorophore is relatively small compared to biological tag, such
as GFP, which may not be able to influence the binding affinity between MAB
and target. Moreover, rich information about molecular interaction can be unveiled
with a vast repertoire of fluorescence techniques including fluorescence anisotropy,
fluorescence lifetime, fluorescence quenching, fluorescence wavelength switching,
and fluorescence correlation spectroscopy [31].

Xu et al. have developed an aptamer-based exonuclease protection assay for
the ultrasensitive detection of thrombin [32]. A nucleic acid probe contained one
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piece of thrombin MAB domain at the 30-terminus bind to thrombin molecules,
which could protect the whole nucleic acid sequence from degradation by ex-
onuclease I. With the help of T4 ligase, the protected thrombin MAB will link
two extra connector DNAs together as a quantitative PCR template for further
signal amplification. The detection limit was 540 thrombin molecules, and linear
range was from 540 to 540,000. Heyduk et al. designed two respective specific
thrombin aptamers linking with signaling DNA sequences labeled with different
fluorescence donor-accept pairs. After binding with thrombin simultaneously, these
two signaling pieces hybridized to result in fluorescence resonance energy transfer
(FRET). By optimizing the linker length and type of fluorescence donor-acceptor
pair, 50 pM of thrombin was detected with high signal-to-background ratio [33].
As mentioned in Sect. 11.2.3, the fluorescence intensity of fluorescent nucleotide
analogues varies as the conformation of MABs change with binding specific targets.
Katilius et al. investigated the fluorescence enhancement of a series of fluorescent
nucleotide analogues, such as 2-aminopurine (2AP), 4-amino-6-methylpteridone
(6MAP), and 3-methylisoxanthopterin (3MI), incorporated into thrombin, IgE, and
PDGF aptamers [34]. The result showed thrombin-modified fluorescent aptamer
incorporated with 6MAP possessed 30-fold increase of fluorescence signal. Yu et al.
demonstrated the use of MAB structure-switching-triggered ligation-rolling circle
amplification (L-RCA) for the universal and high sensitive detection of protein. This
approach can detect attomolar scale of PDGF [35]. Zhang et al. utilized the property
of telomerase that produced telomere elongation reaction to open a hairpin DNA
and monitor the telomerase activity [36]. Furthermore, with the help of polymerase
for strand displacement, a cyclic signal amplification process can be achieved to
measure telomerase activity equivalent to four cultured cancerous cells. Lu et al.
constructed a novel catalytic molecular beacon (CAMB) by integrating the substrate
of DNAzyme into the loop structure of a MB. Only in the presence of catalytic
DNAzyme and corresponding cofactor, such as ions, the substrate of MB will be
cleaved, resulting in the hybridization of a separated MB unstable. By monitoring
the restoration of fluorescence, the detection limit of target cofactor ions can be
determined as low as 600 pM [37].

In order to regulate the activity of aptamer sequences, Hamilton et al. have
developed the targeted reversibly attenuated probe (TRAP)-contained attenuator,
intervening antisense, and inactive aptamer or ribozyme. In the absence of regu-
latory nucleic acid, such as mRNA, the activity of aptamer was silenced. In the
presence of regulatory DNA, aptamer will be activated to bind target due to the
hybridization of regulatory DNA and intervening sequence [38]. Tan et al. analyzed
variants of specific protein biomarker, platelet-derived growth factor (PDGF), with
fluorescence-quencher-labeled MABs for the need of high throughput [39]. By
optimizing the condition, such as temperature, pH, and cation concentrations of
bioassays, as low as 10 ng PDGF was detected in the complex biological media
[40]. An ultrasensitive detection of immunoglobulin E (IgE) was achieved by using
IgE MAB with pyrene-labeled G-quadruplex and S1 nuclease, which were taken
as signal transduction and amplification [41]. In the presence of IgE, MABs were
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Royal Society of Chemistry). (b) Aptamer switch probe and design of ATP-ASP and human
˛-thrombin ASP (Tmb-ASP) (Reprinted with the permission from Ref. [44]. Copyright 2008
American Chemical Society)

able to bind the target, and signaling probes would assemble into G-quadruplex
resulting in an emission fluorescence signal of pyrene excimer. After addition of
S1 nuclease, the G-quadruplex structure would be cleaved to diminish the pyrene
excimer emission. The detection limit of this method is 94.5 fM.

As mentioned in Sect. 11.2.1, single-stranded nucleic acids can specifically
wrap around E. coli. Using this strategy, Yu et al. developed an approach for
fluorescence turn-on detection of lysozyme with a label-free anti-lysozyme aptamer
as binding element and a piece of MB targeting to SSB protein as signaling element
(Fig. 11.4a). In the presence of lysozyme, the single-stranded aptamer will bind
lysozyme and cannot wrap around SSB protein, which is able to open the loop-stem
structure of additional MB, resulting in the increase of fluorescence signal. The
detection limit of this method is 200 pM (2.86 ng/mL) [42]. Fluorophore-quencher-
labeled thrombin MAB was also constructed to study real-time interaction between
proteins [43]. The basic principle is to form thrombin-15 nt aptamer structure
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firstly, and no fluorescence emission observed due to FRET. After addition of a
competition protein, such as HirF, binding to the same site as 15-nt antithrombin
MAB, the fluorescence signal will be restored. Similarly, single fluorophore dye-
labeled antithrombin aptamer and fluorescence anisotropy method are employed to
investigate the protein-protein interaction. The calculating Kd of ˛-thrombin/HirF
binding reaction is 180 ˙ 50 nM comparable to literature reported.

Kolpashchikov et al. have separated malachite green aptamer (MGA) into two
fragments and attached two binding arms hybridizing for different nucleic acid
analyte at each end of fragments. Only in the presence of target DNA analytes, these
three strands can assemble into a tripartite complex which binds MG molecules
again and results in over 20-fold enhancement of fluorescence signal [45]. Tan
et al. modified MABs into a versatile intramolecular signal transduction aptamer
probe, which contains an aptamer, a short DNA sequence complementary to part of
the aptamer, and a PEG linker connecting these two [44]. FAM and Black Hole
Quencher 2 are covalently attached at the two termini of the conjugated DNA
sequences. In the absence of target molecule, the short complementary DNA will
hybridize with partial aptamer thus keeping fluorophore and quencher in a close
proximity. While after addition of target molecules, the conformation of aptamer
switch probe will be changed due to the binding between aptamer and target and
move the quencher away from the fluorophore. This novel aptamer switch probe is
used to sense ATP and thrombin.

Different from fluorophore-quencher labeling method, Zhao et al. constructed
thrombin MABs using guanine-quenching approaches [46]. Two strategies are
employed: (1) fluorophore is labeled at one terminus of a hairpin structure of
MAB and is quenched by the adjacent G bases at the termini. The conformation
change is induced by the addition of thrombin which makes the adjacent G bases
far away from fluorophore. (2) A double-stranded DNA is constructed, in which
the binding site of aptamer to thrombin is blocked by a partial complementary
DNA. In the presence of thrombin, the binding of MAB and thrombin will compete
with the initial cDNA, resulting in the restoration of fluorescence signal. More
functional proteins and domains have been investigated by MABs. Li et al. have
constructed a MAB targeting myotonic dystrophy kinase-related Cdc42-binding
kinase ’ (MRCK) [47]. Six additional bases complementary to 30-termini are added
to fold the secondary structure into a hairpin structure, and fluorophore-quencher
pair is labeled at the ends of hairpin structure. In the presence of MRCK, an MRCK-
MAB complex is formed to signal the fluorescence. A 2.3-fold enhancement of
fluorescence signal is observed by using MAB of MRCK, and the detection limit is
0.5 �M. Xie et al. developed a “signal-on” MB (807-35 nt) to detect recombinant
human erythropoietin (rHuEPO-’) [48]. Fluorophore is labeled at the 30-termini of
rHuEPO-’ MAB (F-Apt), and a short DNA with quencher (QDNA) complementary
to the stem part quenches the fluorescence. Another short-strand DNA (SDNA)
stabilizes the secondary structure of hairpin MAB. In the presence of rHuEPO-’,
QDNA is departed from F-Apt and restoration of fluorescence can be observed.
This method is more sensitive (LOD: 0.4 nM) compared to “signal-off” method,
whose LOD is 10 nM.
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11.3.2 Electrochemical Molecular Aptamer Beacon Sensors

To overcome the disadvantages of fluorescent MAB sensors, for example, the
real fluorescent signals of aptamer-target binding are easily overwhelmed by the
background interference from surrounding environments, especially in the complex
biological systems like cell media, serum, and blood, recently many design ideas
of fluorescent aptamer sensors are adopted in the construction of electrochem-
ical ones. Electrochemical approaches have presented many excited attributions
over fluorescent MABs [49–52], such as high detection sensitivity, usually sub-
nanomolar detection limits. More importantly, electrochemical biosensors of MABs
are constructed on the surface of electrodes that rarely interfered by the complicated
analytical environments, and target-responsive MABs is reagentless and reusable
[53], so these sensors can be directly applied in complex condition conveniently.

Plaxco et al. firstly developed an electrochemical biosensor for sensitive DNA
detection based on conformation-changed MBs [54]. Redoxable tag, ferrocence,
was labeled at the 50-termini of hairpin DNA, and thiol group was modified at 30-
termini to interact with gold electrode. In the absence of target DNA, the hairpin
DNA would maintain the most stable loop-stem structure to achieve high electron-
transfer efficiency; while in the presence of target DNA, hybridization of target
DNA and MB would induce the ferrocence tag far away from the surface of gold
electrode, resulting in a decrease of electron-transfer efficiency. By monitoring the
change of electron-transfer efficiency, down to 10 pM, target DNA can be measured
by cyclic voltammetry method. This design of electrochemical sensor opens a gate
for analysis of real sample in complex condition with high sensitivity and selectivity.
Grinstaff et al. constructed a “signal-on” electrochemical DNA sensor by using
two short-strand DNAs: one is capture part and the other is signaling part that is
linked with a flexible PEG spacer [55]. The hybridization of target DNAs to the
triblock DNA probe will induce the conformation change that results in the close
proximity of electrochemical reporter to the surface of gold electrode. This change
of conformation brings electrochemical “signal-on” amplification that can be used
as a quantitative analysis of target DNAs. The method shows that the detection
limit for prototype DNA is �200 pM. Compared to fluorescent MAB sensors, these
electrochemical sensors are more reagentless and reusable. O’Sullivan et al. devel-
oped surface-attached MABs combined with electrochemical approach to analyze
protein durably [56]. Two unique points are mentioned: firstly, 2-mercaptoethanol
is used to block electrode surface and discriminate the unbound thrombin from
gold electrode; secondly, this electrochemical MAB platform can be regenerated
by immersing MABs into hydrochloric acid solution for 25 times without losing the
electrochemical signal and binding affinity to thrombin. Plaxco et al. modified this
electrochemical “signal-on” MAB sensor into a target-induced strand displacement
mechanism to directly exploiting target-responsive conformation change [57]. Hy-
bridization of target DNA displaces signaling part resulting in the electrochemical
tag, methylene blue, and close proximity to surface of Au electrode, and an increase
electron transfer is observed. The limit of detection is down to 400 fM.
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Fig. 11.5 “Signal-on” electrochemical biosensor for sensitive thrombin detection based on target-
induced strand displacement (Reprinted with the permission from Ref. [60]. Copyright 2005
American Chemical Society)

Plaxco et al. firstly proposed a “signal-off” electronic MAB sensor for the
detection of thrombin [58]. This sensor was also proven suitable for blood serum.
Different from covalent labeling of electronic tag at the end of MABs, Kim et al.
developed an electrochemical detection of thrombin by employing MABs with
intercalation tag [59]. In the presence of thrombin, due to the conformation change
of MAB binding with thrombin, intercalated methylene blue tags were released,
resulting in a decrease of current intensity. The detection limit of this method was
11 nM of thrombin. To solve the limitation of signal-off electronic MAB sensors
that initial signal cannot be suppressed well, a double-stranded DNA was used to
construct signal-on MAB sensor, in which DNA 1 containing thrombin aptamer
was covalently linked on the surface of gold electrode and DNA 2 modified with
methylene blue was hybridized with DNA 1 to make the complementary structure
rigid and reduce background signals [60]. Upon binding with thrombin, DNA 2 was
displaced to liberate MB tag to be close to the surface of gold electrode, resulting
in detectable electronic signals (Fig. 11.5). This method improved the detection
limit of thrombin to as low as 3 nM. Carminic acid (CA)-labeled electrochemically
active-inactive switch aptamer molecular beacon was developed by Cheng et al.
[61]. In the absence of thrombin, CA dimer was formed due to the hairpin structure
of MAB, resulting in inactive electrochemical signals. While, in the presence of
thrombin, binding of 50-termini of MAB and thrombin dissociated CA dimer to
form active CA monomer. By enhancing the electrochemical signals with magnetic
nanobeads, the detection limit of this method can achieve as low as 42.4 pM. The
similar design of electrochemical MAB sensor was constructed for the detection of
PDGF-B directly in the undiluted blood serum [62]. This method achieved a higher
sensitivity and selectivity against optical sensors, reaching a 50pM detection limit
in serum-diluted condition.

Besides electrochemical MAB sensors for the detection of proteins, Plaxco
et al. also used anti-cocaine MABs to construct electronic sensor [63]. Only the
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electronic active tag methylene blue (MB) labeled at 30-termini of the MAB can
produce a high faradaic currents change upon binding with cocaine targets. Fan et al.
developed a target-responsive electrochemical aptamer switch (TREAS) approach
for the detection of ATP [64]. This method constructed a duplex DNA structure
on gold electrodes, in which one is anti-ATP MAB modified with ferrocene tag
and the other one is hybridizing DNA. In the absence of ATP, the ferrocene tag
was far away from gold electrode that had no faradaic currents produced. However,
binding of ATP can induce the conformation change of ATP MAB, and a 10-fold
signal gain was observed in the presence of ATP. Although RNA MABs are easily
affected by the risk of RNase contamination, the first electrochemical sensor of RNA
MAB was presented by Ferapontova et al. for the detection of theophylline in serum
[65]. After binding with theophylline, RNA MAB folded into two internal loop
conformations resulting in an increased electron-transfer efficiency. The dynamic
range and detection limit were 0.2–10 �M and 0.2 �M, respectively. DNAzyme was
incorporated on the surface of gold electrode to construct lead recognition sensors
[66]. An electronic tag, MB, labeled catalytic DNA strand was modified on the
Au electrode by Au-S bonding; the other substrate DNA was hybridized to form a
DNAzyme complex. With the help of lead ions, the substrate was cleaved resulting
in MB close proximity to gold electrode. After optimization, this method can detect
as low as 0.3 �M, equivalently 62 ppb Pb2C. Besides, i-motif quadruplex MABs
are able to sense down to 0.2 ppm single-walled carbon nanotubes (SWNTs) due to
SWNTs are beneficial for the formation of i-motif structure in buffer solution [67].
Soh et al. reported a MAB-based electrochemical sensor built on microfluidic chips
(MECAS) for continuous, real-time, and high-throughput monitoring of cocaine in
blood serum directly [68]. This microfluidic sensor has a high reproducibility when
reusing in the detection of micromolar level of cocaine.

11.3.3 Optical Molecular Aptamer Beacon Sensors

Optical (colorimetric) MABs possess many advantages compared to fluorescent and
electrochemical MAB sensors, such as facile and fast visual detection of target
molecules without any complicated pretreatment process under room temperature.
Of course, these simple optical methods suffer from the limitation of relatively
low sensitivity in comparison to spectroscopic and electrochemical approaches.
There are two major strategies in the design of optical MAB sensors based on
gold nanoparticles (AuNPs). The first one is AuNP-DNA conjugates that Mirkin’s
group introduced and developed [72]. The other one is to use the interaction between
unmodified aptamer beacons and gold nanoparticles to construct biosensors.

Fan’s group developed a series of multicolor nanobeacons and nanoprobes
by conjugating different types of MBs and MABs labeled with various dyes on
the surface of Au nanoparticles for multiple sensing of tumor DNA markers,
small molecules, and proteins [73, 74]. Stojanovic et al. selected a cyanine dye,
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Fig. 11.6 Optical biosensors based on MABs developed by Fan’s group. (a) Reproduced from
Ref. [69] by permission of The Royal Society of Chemistry. (b) Reproduced from Ref. [70] by
permission of John Wiley & Sons Ltd. (c) Reproduced from Ref. [71] by permission of John Wiley
& Sons Ltd.

diethylthiotricarbocyanine iodide, to construct an optical MAB for cocaine sensing
[75]. Before addition of cocaine, the cyanine dye can intercalate into the loop pocket
of anti-cocaine aptamer and show a visible absorbance; while in the presence of co-
caine, cyanine dye was displaced resulting in an obvious attenuation of absorbance.
The sensitivity of this colorimetric MAB is 0.5 �M. Fan et al. also constructed a
series of colorimetric gold nanoparticles sensors by using MABs. For example, as
shown in Fig. 11.6a, a single-stranded potassium MAB was employed to prevent
the aggregation of AuNPs in the absence of potassium ions. While, the blue color of
aggregated AuNPs was observed due to the formation of potassium-MAB complex
[69]. Similar for ATP MAB, i-motif, and mercury-specific oligonucleotide (MSO),
the same strategy was employed to construct colorimetric sensors (Fig. 11.6b)
[70, 76]. Not all MABs undergo a large target-responsive conformation change
when sensed by AuNPs [71], so the split MABs were used to sense cocaine with
unmodified AuNPs (Fig. 11.6c). With this approach, as low as 2 �M cocaine can
be distinguished by the naked eye. Wang et al. exploited water-soluble conjugated
polymer, PMNT, and mercury-specific oligonucleotide probe for direct visual
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Fig. 11.7 Scheme of colorimetric detection of ATP based on target-induced disassembly of gold
nanoparticles aggregates (a) and visual result after addition of adenosine or other nucleosides,
cytidine, uridine, guanosine (b) (Reproduced from Ref. [78] by permission of John Wiley &
Sons Ltd.)

detection of mercury ions. In the presence of Hg2C, T-Hg-T structure was formed
to interact with PMNT and keep the yellow color of conjugated polymer. In the
absence of Hg2C, a MSO-PMNT complex was formed and displayed a red color.
By identifying this obvious yellow-to-red color change by the naked eye, 12.5 �M
Hg2C can be detected. The detection limit could be lowered to 2.5 �M with UV-vis
spectrometry [77]. Lu et al. developed a colorimetric detection of ATP and cocaine
based on target-induced disassembly of gold nanoparticles aggregates (Fig. 11.7)
[78]. Two types of short DNA sequences modifying on AuNPs were hybridized
with linker MAB, which brought AuNPs aggregation. In the presence of targets,
this aggregated AuNPs would dissociate and show an obvious color change due to
the binding of adenosine or cocaine and the linker MABs. 0.3 � 2 mM ATP and
50 � 500 �M cocaine can be visually detected by the naked eye with this approach.
The similar strategy was used to construct colorimetric AuNPs sensors based on
MABs for the detection of mercury ions [79–82] and proteins, such as PDGF [83]
and thrombin [84].

Deng et al. reported anti-adenosine MAB assembled with fragmented hemin-
binding DNAzyme for the visual detection of ATP. In the absence of adenosine,
the split DNAzyme assembled to form G-quadruplex structure with the help of
hemin and KC, further catalyzing ABTS2C to a blue-green-colored radical product,
ABTS•C. In the presence of adenosine, the G-quadruplex was not formed due to
the binding of ATP and its MABs. A limit of detection of 6 �M is achieved by
this method [85]. Willner et al. also constructed the aptamer-DNAzyme hairpins for
the biosensing of small molecules, like AMP and proteins, such as lysozyme [86].
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In the absence of targets, the horseradish peroxidase (HRP)-mimicking DNAzyme
sequence was protected in the stem of hairpin structure and kept an inactive state.
While, in the presence of targets, G-quadruplex structure of DNAzyme was formed
due to the binding of targets and MABs. The detection limits are 50 �M and 0.5 pM
for AMP and lysozyme, respectively.

11.4 Conclusion and Prospective

Molecular aptamer beacons combine high selectivity of aptamers and conformation
switch of MBs to perform a variety of biological applications, like enzyme
monitoring [87–89], mRNA detection in living cells [90–92], and biosensors [5,
6, 93, 94]. This chapter centered on the angles of molecular recognition and sensing
integrated with fluorescence, electrochemistry, and nanoparticles. Besides, MABs
combining with single-walled carbon nanotubes are developed to produce singlet
oxygen for photodynamic therapy [95, 96]. In the future, MABs will find their
great potential in the practical applications, such as high-throughput drug screening,
disease diagnosis, nanotechnology, and materials science.
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