
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

L. Peng (�)
Department of Chemistry, University of Florida, Gainesville, FL 32611, USA
e-mail: lupeng@ufl.edu

W. Tan
Department of Biomedical Engineering and Department of Chemistry, Hunan University,
Changsha, P.R. China

Department of Chemistry, University of Florida, Gainesville, FL, USA
e-mail: tan@chem.ufl.edu

C.J. Yang and W. Tan (eds.), Molecular Beacons, DOI 10.1007/978-3-642-39109-5 2,
© Springer-Verlag Berlin Heidelberg 2013

19

mailto:lupeng@ufl.edu
mailto:tan@chem.ufl.edu


20 L. Peng and W. Tan

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

37

�
CG

GC

�

C �G
ı

37

�
GT

CA

�

C �G
ı

37

�
TA

AT

�

C �G
ı

37

�
AG

TC

�

C �G
ı

37

�
GA

CT

�

C �G
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 �

ŒM T �
(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.
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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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1 � ŒD.t/�
�
Deq

� D e��k1t

"

1 � �
ŒD.t/�
�
Deq

�

#

(2.15)

where � D
q

.B0 C T0 C K12/
2 � 4B0T0,

�
Deq

� D 1
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:

1

�
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�

1 � F.t/ � F0

Feq � F0

�

D 1

�
ln

�

1 � �
F.t/ � F0

Feq � F0

�

� 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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