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The ability to monitor biological processes in the context of living cells with good 

spatial and temporal resolution offers significant potential for understanding many 

biological problems. The key to the successful signaling of these processes is the use of 

molecular probes. Currently, there are limitations for intracellular probes, which include 

low sensitivity, reduced selectivity, and poor stability. The major goal of this research is to 

integrate molecular engineering techniques with new signaling materials and approaches to 

design more sensitive and effective nucleic acid probes.   

In an attempt to develop sensitive molecular probes, novel materials were explored 

for signal amplification and background reduction. Conjugated polymers (CPs) are good 

candidates for signal amplification because of their excellent light harvesting and 

superquenching properties. Using a solid phase synthesis method, CP labeled molecular 

beacons (MBs) were prepared. In addition, superquenchers, a series of macromolecules 



xvii 

with exceptional quenching capabilities, were generated through a molecular assembling 

approach and used for labeling MBs.  

To overcome the problem of autofluorescence from biological fluids, a new 

signaling approach called the excimer light switching signaling technique was developed. 

An aptamer that selectively binds to platelet derived growth factor (PDGF) was labeled 

with pyrene molecules on both ends, resulting in a light-switching aptamer. The probe 

changes its emission from a blue monomer emission to a green excimer emission upon 

binding to PDGF. Taking advantage of the long fluorescence lifetime of pyrene, time-

gated measurements were performed to eliminate biological background signals.  

Finally, the stability and false signals of nucleic acid probes were addressed. When 

used inside cells, normal nucleic acid probes are prone to enzymatic digestion, protein 

binding, and elicitation of RNase H action, all of which lead to nonspecific signals. The 

possibility of alleviating these issues by using locked nucleic acid (LNA) bases in the 

molecular probe design was investigated. With different stem lengths and LNA base ratios, 

LNA-MBs were designed and their thermodynamic properties, hybridization kinetics, 

enzymatic resistance, as well as interactions with DNA binding proteins, were studied. In 

addition to using base modification, we designed a new type of molecular probes called 

hybrid molecular probe, which does not generate false signal upon digestion by nuclease, 

binding to SSB. HMP is capable of selectively detecting targets from cellular samples. 

The new materials, synthesis methods, and signaling techniques developed in this 

research have the potential for developing sensitive and effective molecular probes for 

bioanalysis and intracellular imaging.  Future endeavors will include the application of 

these probes to single living cell gene expression studies. 



1 

CHAPTER 1 
INTRODUCTION 

Probing Biomolecules in Living Cells 

Selective probing of biological processes in living cells with good spatial and 

temporal resolution offers significant potential for the understanding of many biological 

phenomena. In the past decades, a great deal of information, such as the DNA double 

helix structure, genomic sequences, protein structures, and enzymatic activities, have 

been discovered by studying purified biomolecules extracted from cells or by studying 

biomolecules using dead homogenized cells. This wealth of information gleaned from in 

vitro study forms the foundation of molecular biology. However, it has become clear that 

many intracellular conditions such as supramolecular organization, cytoplasmic viscosity, 

and substrate heterogeneity in a living cell have a profound effect on the types and rates 

of reactions that go on there.1;2 A chemistry reaction in a test tube would have different 

thermodynamic and kinetic properties from the same reaction in a live cell.2 As a 

consequence, the biochemistry studied in a test tube or dead cell would not yield a 

complete understanding of the biological processes that ultimately contribute to life.1;2 In 

contrast, probing biomolecules in living cells allows us to precisely characterize the 

properties of a molecule, and define the role of the molecule in the cellular processes. 

Moreover, the intracellular behavior of the molecule such as synthesis, process, mobility, 

trafficking, location and interaction with other molecules can be directly visualized 

through intracellular analysis and imaging, which is not possible from test tube 

experiments or using fixed cell techniques. 
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To meet the demand for living cell imaging, advanced imaging setups have been 

developed. These developments include high speed sensitive CCD cameras, fast 

computers, high volume storage devices, powerful lasers and high resolution 

microscopes. In parallel, sophisticated software design allows the reconstruction of 3-

dimension images and permits quantitative analysis of fluorescence signal down to the 

single molecule level.3 Furthermore, different fluorescence microscopic techniques have 

been developed, which include fluorescence recovery after photobleaching, fluorescence 

resonance energy transfer microscopy, multi-photon microscopy and fluorescence 

lifetime microscopy. These techniques constitute a powerful tool set to interrogate 

molecular dynamic information inside a live cell.  

From the chemistry side, to quantitatively visualize biochemical reactions and 

events in living cells calls for the engineering of selective and sensitive probes. A typical 

probe consists of a targeting moiety and a signaling component. The targeting moiety 

utilizes selective molecular recognition to allow discriminative tagging of the target 

molecule in complex cellular environments. Depending on the signal transduction used 

for the probe design, the signaling component generates observable response upon the 

probe/target binding. Using fluorescence is the first choice in constructing the signaling 

components because of its nondestructive nature, high sensitivity, flexible signaling 

schemes and multiplexing capability. The molecular recognition elements available for 

probe design include organic molecules, chelates, peptides, proteins, and nucleic acids. 

This dissertation focuses on the design of fluorescent nucleic acid probes for 

imaging and bioanalysis in complex biological systems. The following sections will 

discuss the basics of fluorescence spectroscopy and chemical synthesis of oligonucleotide 



3 

 

for molecular engineering of nucleic acid probes. The principle and the intracellular 

application of an important type of nucleic acid probe, molecular beacons (MB)s, will be 

reviewed. Aptamers and molecular aptamer beacons for targeting a broader scope of 

biomolecules will be introduced. Finally, the challenges of using nucleic acid probes for 

complex biological systems such as intracellular imaging will be discussed and the scope 

of this dissertation will be outlined.  

Molecular Engineering of Nucleic Acid Probes 

Nucleic acids are ideal building blocks for the design and construction of molecular 

probes for many reasons. First, nucleic acid base pairing is one of the strongest and most 

specific biomolecular recognition events. Second, with an in vitro selection technique 

called SELEX,4-6 one can obtain nucleic acid sequences (aptamers) that are capable of 

binding to ions, organic molecules, peptides, proteins, cells and tissues with high affinity 

and selectivity. Aptamer technology greatly expands the targets of nucleic acid probes 

from traditional nucleic acid sequences to any type of molecules and identities. Third, 

nucleic acid sequences usually form secondary structures, which could be altered or 

perturbed by a target binding event. Such a conformation change is valuable for 

engineering signal transduction mechanisms into the molecular probe, allowing an 

observable response from the probe upon target binding.7 Fourth, nucleic acid sequences 

are easy to synthesize and there are numerous types of modifications available to label 

nucleic acid sequences with different dyes, radioactive isotopes and other biomolecules. 

Therefore, many types of nucleic acid probes have been designed and applied in the 

fields of biology, medical science and chemistry. Today, nucleic acid probes, especially 

DNA probes are instrumental and ubiquitous tools in exploring biological processes and 

in medical diagnostics. 
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Chemical Synthesis of Nucleic Acids 

Nucleic acid has become a widely used building block for the construction of 

molecular probes due to its capability for selective recognition against a wide range of 

targets. Another important reason for the high popularity is because automated DNA 

synthesis technology allows efficient synthesis of nucleic acid probes with a variety of 

modifications for different applications. Oligonucleotide synthesis has become a basic 

technique for molecular biology and has found applications in almost all the biomedical 

sciences. With the aid of oligonucleotide synthesis, molecular engineering of nucleic acid 

probes finds numerous applications in biological studies. In the following sections, the 

basics of solid state synthesis of oligonucleotide via phosphoramidite chemistry8;9 will be 

reviewed.  

For the synthesis of oligonucleotides (1-1), the synthesis cycle begins with a 

column containing a solid controlled-pored glass (CPG) support where the 3'-hydroxyl of 

the first nucleoside is attached through a long spacer arm. This support allows excess 

reagents to be removed by filtration and eliminates the need for purification steps 

between base additions.  

Typically the synthesis of an oligonucleotide starts from 3' to 5'. Using the 

phosphoramidite method of oligonucleotide synthesis, the addition of each base requires 

four chemical reaction steps: detritylation, coupling, capping and oxidization (Figure 1-

3).  

The first step in the synthesis, detritylation, is to remove trityl group protecting the 

5' hydroxyl at the end of the oligonucleotide attached to CPG in the column. This is done 

by adding a dilute acid solution, either dichloroacetic acid (DCA) or trichloroacetic acid 

(TCA) in dichloromethane (DCM), to the reaction column to remove the trityl. Once 
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deprotected, the 5' hydroxyl becomes the only reactive group on the column to react with 

the next incoming monomer bases. The reaction column is then washed to remove extra 

acid and any by-products.  
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Figure 1-1. Automated oligonucleotide synthesis achieved through phosphoramidite 

chemistry. There are four major steps involved in the synthesis of DNA: (1) 
Detritylation, (2) Coupling, (3) Capping/Coupling, and (4) Oxidation. 

The next step, coupling, is achieved by simultaneously adding a phosphoramidite 

derivative of the next nucleotide and tetrazole, a weak acid, to the growing chain of 

nucleotides on the solid support. The phosphoramidite derivative can not be coupled until 

it has been activated, which is done by adding tetrazole to the base. The tetrazole 

protonates the nitrogen of the diisopropylamine group on the 3'-phosphorous. The 

resulting protonated amine makes a very good leaving group upon nucleophilic attack by 

the tetrazole to produce a tetrazolyl phosphoramidite, which is susceptible to nucleophilic 
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attack by the activated 5’ hydroxyl group to form a phosphite linkage. The reaction 

column is then washed to remove any extra tetrazole, unbound bases or by-products 

Since the coupling yield is not always 100%, a small percentage of the support-

bound nucleotides can fail to elongate. Such a support-bound nucleotide, is left 

unreacted, and it is possible for it to react in later additions of different bases. This would 

result in an oligonucleotide with a deletion that can be difficult to isolate. To prevent this 

from occurring, the unbound, active 5’-hydroxyl group is capped with a protective group 

which subsequently prohibits that strand from growing again. This is done by adding 

acetic anhydride and N-methylimidazole to the reaction column. These compounds only 

react with the residual 5’-hydroxyl group. The base is capped by undergoing acetylation. 

The reaction column is then washed to remove any extra acetic anhydride or N-

methylimidazole. The capping stem terminates any chains that did not undergo coupling 

by acetylation to become ‘failure products.’  

The capping step is followed by oxidation step where the internucleotide linkage is 

then converted from the less stable phosphite to the stable pentavalent phosphate tri-ester. 

Iodine is used as the oxidizing agent and water as the oxygen donor.  

The four steps are then repeated in the same order until all nucleotides in the 

sequence have been added. Following the synthesis, the oligonucleotide is cleaved and 

deprotected from the solid support.  

By converting into phosphoramidites derivatives, some fluorophores, quenchers, 

and ligands can be introduced into any desired position of an oligonucleotide if these 

molecules can survive the synthesis process. For some labile molecules, post-synthesis 

coupling can be achieved using amino, thiol, or biotin linkers. The freedom to introduce 
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different fluorescence molecules, quenchers, and other functional biomolecules into a 

nucleic acid sequence makes the design of nucleic acid probes much easier than probes 

based on other material such as proteins. 

Fluorescence Methods for Signal Transduction 

Fluorescence spectroscopy is a widely used method for a variety of investigations 

in biochemical, medical, and chemical research because of its high sensitivity, non-

destructive nature, and multiplexing capabilities. Fluorescence-based nucleic acid probes 

may rely on the changes of emission intensity, excitation or emission wavelength, 

lifetime, or anisotropy to signal a molecular recognition event.  

Jablonski Diagram 

In order to make use of these fluorescence changes in probe design, it is important 

to understand the photophysical processes that occur from the absorption and subsequent 

reemission of light. A Jablonski diagram is useful to illustrate these processes. Figure 1-2 

shows a typical Jablonski diagram where S0, S1 and S2 stand for the ground electronic 

state, first and second singlet exited electronic states respectively, while T1 stands for the 

triplet state. In each electronic state, there are different discrete vibrational levels. Upon 

irradiation by light molecules are excited to singlet excited energy level S1 or higher 

levels depending on the magnitude of the absorbed energy. The excitation process is very 

fast and usually takes fewer than 10-15 s. Through a process called internal conversion the 

molecules in higher vibrational levels of the same spin state rapidly relax to the lowest 

vibrational level of S1, S2 to S1 for example, in the next 10-12 s. The relaxation from the 

lowest excited state S1 to the ground state with emission of photon is referred as 

fluorescence. Since fluorescence emission typically takes 10-10 to 10-6 s to occur, internal 

conversion is generally completed prior to emission and fluorescence emission generally 
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results from the lowest-energy vibrational state of S1. As a result, fluorescence emission 

energy is independent on the excitation energy. Because a small fraction of energy 

absorbed is lost in the relaxation process, the emission usually appears at longer 

wavelengths than absorption, which allows the spectral separation of the excitation 

photon from the emission photon for sensitive studies.  

.  
Figure 1-2.  A typical Jablonski diagram 

There are several pathways of returning to the ground state from the excited singlet 

state besides fluorescence emission, including non-radiative decays and intersystem 

crossing to a triplet excited state.10;11 Phosphorescence may result from the triplet excited 

state. The average time for a molecule to stay in its excited state, called the fluorescence 

lifetime, and fluorescence intensity are affected by the decay rate of these processes. The 

signal transduction techniques used in fluorescence-based design consider how to 

associate the target recognition event with changes in these decay rates which result in 

change in fluorescence intensity or lifetime change. In addition, if the target binding 

event changes the electronic structure of the fluorophore, changes of fluorescence 

excitation/emission will be observed and can be used to signal the target binding event. 
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Three signal transduction approaches used in our work are fluorescence quenching, 

fluorescence resonance energy transfer, and excited state dimer formation. 

Fluorescence Quenching 

There are a variety of non-radiative processes for an excited state electron to relax 

to the ground state. Because these processes occur without giving out a photon, they are 

termed fluorescence quenching. Quenching happens through two major mechanisms.10;11 

One of them is collisional quenching or dynamic quenching. During its fluorescence 

lifetime, an excited fluorophore could collide with other molecules in the solution. The 

collision may cause energy loss of the fluorophore. Consequently, the fluorophore returns 

to the ground state without giving out photons. The decrease in fluorescence intensity due 

to the collisional quenching can be described using the Stern-Volmer equation: 

F0/F = 1+K [Q] = 1+ kqτ0 [Q]  

where K is the Stern-Volmer quenching constant, kq is the bimolecular quenching 

constant, τ0 is the fluorescence lifetime in the absence of the quencher, and [Q] is the 

quencher concentration. Many molecules can be collisional quenchers, including heavy 

ions, oxygen, halogens, amines and acrylamide. In aqueous solutions at room 

temperature, the biomolecular collision rate is about 1010 L mol-1 s-1. If all collisional 

encounters result in quenching, it can be estimated that the maximum value for kq is 

about 1010 L mol-1 s-1. For a fluorophore with a lifetime of 1 ns, the Stern-Volmer 

quenching constant is approximately 10 L mol-1. This estimation shows that dynamic 

quenching of fluorescence is usually negligible when the quencher concentration is below 

1 mM. For two molecules that are brought together by linkers in many molecular probes, 

the collision rate is not diffusion rate controlled, and the dynamic quenching might be 

more prominent.  
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The other type of quenching is called static quenching, where the quencher can 

form non-fluorescent complex (i.e,  dark complex) with the fluorophore in the ground 

state.10;11 The change in fluorescence intensity for static quenching is described with 

following equation:  

F0/F = 1+K [Q] =1+ [FQ]/ ([F] [Q]) 

where K is the formation constant; [FQ], [F], and [Q] are the concentrations of the 

dark complex formed from the fluorophore and quencher molecules, the fluorophore, and 

the quencher respectively. Both dynamic quenching and static quenching result in a 

decrease of emission intensity, but there are two simple ways to distinguish static 

quenching from dynamic quenching.10;11 First, whether the lifetime changes or not 

depends on the different mechanisms. In static quenching lifetime does not change 

because the only observed fluorescence is from the uncomplexed fluorophore which has 

the same lifetime as before quenching. In contrast, in a dynamic quenching mechanism 

the lifetime shows the same order of decrease as the intensity. Second, temperature plays 

different roles in the two processes. In static quenching higher temperature dissociates 

weakly bound complexes and alleviates static quenching. For dynamic quenching, higher 

temperature causes faster diffusion and more quenching. But in many cases, both static 

and dynamic quenching processes occur in the same system. 

Static quenching plays an important role in molecular probes. For example, it is 

involved in the fluorescence quenching of fluorophores in MBs.12 It was found that many 

fluorophore-quencher pairs, including tetramethylrhodamine(TMR)-DABCYL, EDANS-

DABCYL, eosine-DABCYL, fluorescein-TMR and TMR-TMR display absorption 

spectral changes when they were brought close together in the hair-pin conformation, 
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indicating the formation of non-fluorescent complexes in closed-stem MBs.12 The static 

quenching that occur in MBs leads to higher quenching efficiency than other process like 

fluorescence resonance energy transfer(FRET).12 

Fluorescence Resonance Energy Transfer 

FRET is the nonradiative transfer of the electronic excitation energy from an 

initially excited donor (D) molecule to an acceptor (A) molecule via a long range dipole-

dipole interaction.11 FRET requires the overlap between the emission spectrum of the 

donor with the absorption spectrum of the acceptor. Such an overlap allows the excitation 

energy to transfer from the donor to the acceptor if the two molecules are coupled by 

dipole-dipole interaction within a distance of 100Å. FRET results in quenching of donor 

fluorescence and an increase in fluorescence intensity from the acceptor.  

The rate of energy transfer depends upon several factors such as  the extent of 

spectral overlap of the emission spectrum of the donor with the absorption spectrum of 

the acceptor, the quantum yield of the donor, the relative orientation of the donor and 

acceptor transition dipoles, and the distance between the donor and acceptor molecules.11 

FRET efficiency depends strongly on the distance between the donor and the acceptor 

molecules as described in the following equation: 

E=R0
6/ (R0

6+r6) 

where the Forster radius R0 is the distance at which energy transfer is 50% efficient, and r 

is the distance between the donor and the acceptor. Such a strong distance dependent 

FRET efficiency has been widely exploited in biomolecular structure and dynamics 

studies, intermolecular association detections, intermolecular binding assays 

developments as well as molecular probe designs.11 The MB is one of the successful 

examples of the applications of FRET for the bio-analysis.12;13  
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Excited State Dimer-Excimer 

Some spatially sensitive fluorescent dyes such as pyrene11;14-16 and BODIPY Fl17;18 

can form excited state dimers (excimers) upon close encounter of an excited state 

molecule with another ground state molecule. The formation of a pyrene excimer is 

illustrated in the figure 1-3. First, a pyrene molecule is excited to the excited state. The 

excited pyrene can relax to the most stable singlet S1 state through internal conversion. 

When such an excited pyrene encounters with a second pyrene in its ground electronic 

state, a complex with lower energy will form. The complex is called excimer. By 

dissociating to produce two ground electronic state pyrene molecules, the excimer could 

release one photon at much longer wavelength than the monomer does. The pyrene 

excimer emission has a broad, featureless emission centered at 480 to 500 nm. It is easy 

to recognize pyrene excimer emission, even when extensive monomer emission occurs, 

since the monomer emits in the 370 to 400 nm wavelength range.  

Another good example of a dye that exhibits the excimer phenomena is 

BODIPY17;18 whose monomer and excimer emits at 520 and 620 nm respectively.  

The formation of an excimer is useful to probe spatial arrangements of some 

molecules. Similar to FRET, the stringent distance-dependent property of excimer 

formation can be used as a unique signal transduction in the development of molecular 

probes. This is especially useful for developing aptamer probes because many aptamers 

like those aptamers for PDGF-BB,19-21 cocaine,22 and thrombin23;24 undergo 

conformational change upon target binding. The approach of using excimer formation for 

signal transduction also finds a wide application for other nucleic acid probes. For 

example, pyrene was used to label the two ends of a MB sequence to construct a light-
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switching DNA probe.16 The probe switches its emission from green light to blue light 

upon interaction with its target sequences.  

 
Figure 1-3. The schematic for the formation of pyrene excimer 

Working Principle of MBs  

Among many nucleic acid probe, MBs13 are one of the most successful type 

molecular probes that are widely used in different areas in molecular biology. MBs 

(Figure 1-4) are dual-labeled single-stranded oligonucleotide probes that possess a stem-

and-loop structure. The loop sequence, usually a 15-30 mer sequence, is complementary 

to a target DNA or RNA. The stem has 5-7 base pairs that are complementary so that the 

structure remains in the closed state prior to binding with its target sequence. A 

fluorophore is covalently coupled to one end of the stem and a quencher is conjugated to 

the other end. The stem keeps these two moieties in close proximity, causing the 

fluorescence of the fluorophore to be quenched through FRET. In most cases, the 
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quencher is a non-fluorescent molecule that dissipates the energy transferred from the 

fluorophore donor as heat. In the presence of target nucleic acid sequence, the loop region 

forms a hybrid that is longer and more stable than the stem. This causes the MB to 

undergo a spontaneous conformational change, which opens the stem. The spatial 

separation of the fluorophore and the quencher leads to the restoration of fluorescence 

emission from the fluorophore. The presence of the target sequence is thus directly 

reported by the increased fluorescence from the MB. Different MBs can be designed by 

choosing different loop sequences and different fluorophores with characteristic emission 

wavelengths. 

 

Figure 1-4. Working principle of MBs. The MB adapts a stem-loop structure that 
maintains the close proximity of the fluorophore (orange) and quencher (blue) 
moieties. As a result, the fluorescent emission of the fluorophore is 
suppressed. In the presence of target nucleic acid sequences, the loop 
sequence of the MB hybridizes to the target, forcing the stem open. 
Consequently, fluorophore is separated from the quencher and its fluorescence 
is restored 

The unique hair-pin structure and signaling mechanism endow the MB with several 

advantages. First of all, the light-up signaling mechanism allows it to function as a highly 

sensitive probe for real-time nucleic acid monitoring. The unbound MB does not emit 

fluorescent signal. Thus signal from target-bound MBs can be clearly observed in the 
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presence of the unhybridized probe. Such a detection-without-separation ability is useful 

for the MB in situations where it is either impossible or undesirable to isolate the probe-

target hybrids from an excess of the unbound MBs as occurs when monitoring mRNA 

inside living cells. Another advantage of MBs is their relatively high signal-to-

background ratio which provides higher sensitivity. Upon hybridization with its target, a 

well designed MB can generate a fluorescent enhancement as high as 20 to 40-fold under 

optimal conditions. This provides the MBs with a significant advantage over other 

fluorescent probes in ultrasensitive analysis.  In addition to its sensitivity, MBs are highly 

selective. They are extraordinarily target-specific and are able to differentiate nucleic acid 

targets with single base mismatches. The selectivity of MBs is a direct result of its loop 

and stem structure, as the stem hybrid acts as a counterweight to the loop-target hybrid. 

The selectivity provided by the MB loop-stem structure has been demonstrated to be 

applicable in a variety of biological environments, further extending the applicability of 

MBs for these types of analyses. These advantages have allowed MBs to become a class 

of nucleic acid probes widely used in chemistry, biology, biotechnology, and medical 

sciences since they were  first reported in 1996.13 

Using MBs for RNA Monitoring in Living Cells 

One of the primary advantages of MBs is their inherent capability of detection 

without separation.  This advantage is necessary for intracellular  applications where any 

separation of the probe from live samples would likely result in the death of the sample.  

By utilizing this property of MBs, RNA can not only be detected inside of a single cell, 

but its subcellular localization can also be determined and tracked over time.  

The use of MBs for intracellular RNA detection and localization requires first the 

design of  MB for the RNA target followed  delivery of the probe into the cell. The major 
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concern in designing MBs for intracellular use is selecting an appropriate target region 

for the MB. This is especially critical due to the complex secondary structure exhibited 

by the large RNA sequences and a MB must be selected that will have good accessibility 

to its complementary sequence. The selection of target sites starts with the prediction of 

possible RNA secondary structures. The target site is chosen around the regions that have 

a high probability to be mostly single stranded to assure that the native RNA structure 

would minimally compete with the proposed MB. For the chosen regions, high affinity 

oligonucleotides of different lengths that are complementary to the regions will then be 

used as the loop sequences of the MBs. Each loop sequence is then flanked with two 

complementary arm sequences to generate a potential MB. Usually the stems are 5-7 base 

pairs long and have a very high GC content (75 to 100 percent). The secondary structure 

of the MB is then predicted using RNA structure analysis programs. The stem sequences 

have to be altered if the structure of the sequence chosen does not adopt a hair-pin 

structure with a 5-7 bp stem. A non-hair-pin structure will cause high fluorescence 

background from the MB while too long of a stem will prevent the binding of the MB to 

its target sequence. Since current RNA folding programs do not give a reliable secondary 

structure, a series of probes are usually designed and tested in buffer with further testing 

inside cells until a probe is found that can hybridize with mRNA inside of a cell with 

good sensitivity. 

Delivery of MBs inside of the cell has been an area where much effort has been 

applied and it has resulted in many very effective options for intracellular delivery.  The 

most common delivery methods include microinjection,25 electroporation,26 reversible 

permeabilization27 and peptide assisted delivery.28 Microinjection has several advantages. 
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First, it allows MB delivery to a single cell of the investigators choosing. Second, it 

delivers relatively reproducible amounts of probe inside cell. Third, it enables immediate 

observation of probe response. The disadvantages of using microinjection are related to 

the technique itself in that it requires additional instruments and expertise while being a 

very low throughput technique.  Electroporation and reversible permeabilization offer 

much higher throughput options by producing pores in the cell membrane and relying on 

passive diffusion to deliver probes to the cytoplasm. However these pores can also allow 

the loss of materials from inside of the cell and there is much cell to cell variation in 

probe delivery. Peptide-assisted delivery allows the probes to pass through the cell 

membrane without disturbing the cell.28 However, it requires the peptide to be conjugated 

to the probe which can increase the cost and complexity of the probe synthesis and it 

requires an incubation period before monitoring of the cell can begin. 

Currently the application of MBs for intracellular analysis is a rather young field 

with the majority of the applications focusing on visualizing the localization, distribution, 

and transport of a wide variety of mRNAs inside of a cell.  Initial intracellular studies 

concentrated on detection of MB hybridization to mRNA as opposed to localization and 

distribution studies.27;29;30 In 2003, Tyagi et al demonstrated that MBs could be used for 

the visualization of the distribution and transport of mRNA.31 In this study a MB for 

oskar mRNA was investigated in Drosophila melanogastar oocytes.  Initially they 

demonstrated visualizing the distribution of oskar mRNA in the cell.  To eliminate 

background exhibited from the MBs a binary MB approach was developed, which uesed 

two MBs that targeted adjacent positions on the mRNA.  When both MBs were 

hybridized to the mRNA sequence a donor and acceptor fluorophore were brought within 
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close proximity allowing FRET to occur and generating a new signal that indicated 

hybridization of the 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.  Other studies have imaged MBs on viral 

mRNA inside of host cells to study the behavior of the mRNA.32 This study investigated 

both the localization of the mRNA inside of cell and also utilized photobleaching of the 

fluorophore on the MB in order to study the diffusion of the MB-mRNA hybrid. 

In 2005, Bao et al expanded on mRNA visualization by showing the co-localization 

of mRNA and intracellular organelles in human dermal fibroblasts.33 In this study MBs 

were used in conjunction with a fluorescent mitochondrial stain. Since the fluorescence 

from the MBs and the stain could be spectrally resolved, they were able to demonstrate 

that the mRNA of both glyceraldehyde 3-phosphate dehydrogenase and K-ras were 

specifically localized with the mitochrondria. Several control experiments, including the 

use of negative control MBs, FISH, and detection of colocalization of 28S ribosomal 

RNA with the rough endoplasmic reticulum, were performed to confirm their 

observation. The authors suggested that the observation of subcellular associations of 

mRNA with organelles such as mitochondria might provide new insights into the 

transport, dynamics, and function of mRNA and mRNA-protein interactions. 

In addition to localization and distribution, expression levels of mRNA have also 

been studied inside living cells using MBs. The binary MB approach was used to explore 

the relative expression levels of K-ras and surviving mRNA in human dermal 

fibroblasts.27 The results indicated a ratio of 2.25 of K-ras mRNA expression in 

stimulated and unstimulated HDF cells which was comparable to the ratio of 1.95 using 
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RT-PCR. Recently, the Tan group studied the stochasticity of Manganese Superoxide 

Dismutase (MnSOD) mRNA expression in human breast carcinoma cells using MBs and 

an internal standard reference probe to allow ratiometric analysis.34  In this work, the 

MnSOD expression of three different cell groups was studied and compared to each other. 

The expression of $-actin mRNA was used as a control.  The groups of cells studied 

included cells at basal expression levels, cells treated with lipopolysaccharide (LPS), and 

cells that were transfected with a plasmid that overexpressed a cDNA clone of MnSOD.  

Using ratiometric analysis allowed for the ratiometric values from different cells to be 

directly compared, compensating for the experimental and instrumental variations.  The 

study showed that the stochasticity of gene expression between the basal, LPS treated, 

and the transfected cells was different for MnSOD while there was little to no difference 

in $-actin mRNA in the three groups.  This represents a novel means to directly examine 

the stochasticity of transcription of MnSOD and other genes implicated in cellular 

phenotype regulation.  Simultaneous monitoring of multiple MBs labeled with different 

fluorophores for different mRNA target sequences allows monitoring and comparison of 

the expression levels of multiple mRNA sequences in a single cell.35 In one of the 

multiple gene monitoring studies, MBs for MnSOD and $-actin mRNA along with a 

negative control MB were used to study the relative expression levels on MnSOD and β-

actin in the cells.  Here, a reference probe was used as an internal standard for ratiometric 

analysis. Microinjection was used to deliver the probe mixture to single human breast 

carcinoma cells and a sample control cell is shown in Figure 1-5.  
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Figure 1-5. Simultaneous monitoring of multiple genes inside a living cell. Shown here is 
the time elapsed fluorescent images of each MB inside of a single MDA-MB-
231 cell.  A: β-actin MB (green), B: control MB (red), C: MnSOD MB (blue) 
, and D: RuBpy reference probe (orange). (Reprinted with permission from ref 
35. Copyright (2005) American Chemical Society) 

 As can be seen in the image, the β-actin MB signal increases, while the control 

MB signal stays at a constant low level. The MnSOD MB stays at a low level that is 

consistent with its basal expression.  This result indicated not only the feasibility of 

multiple gene imaging but also that the increase in the signal of β-actin MB must be due 

to a specific interaction since any non-specific interaction would have resulted in an 

increase in the control MB as well.  This process was repeated with cells that were treated 

with LPS, known to stimulate MnSOD expression. It was found that the MnSOD 

expression greatly increased while the MnSod expression in the control cell remained 

low. A trend was found relating high expression levels of MnSOD mRNA with higher 

expression levels of β-actin mRNA in the stimulated cells.  This indicates the method’s 

potential in elucidating gene expression trends in single cells that is not possible with 
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other methods that use expression levels averaged from millions of cells like northern 

blots.  Indeed, one of major benefits of single cell analysis is that inherent cell to cell 

variations can be studied in more detail to gain further insight into biological processes. 

Aptamers and Molecular Aptamer Beacons 

Use of MBs allows selective detection of nucleic acids in homogeneous solutions. 

MB recognition is based on base to base recognition and the targets for MBs are limited 

to nucleic acid sequences. The introduction of aptamers extends the application of nucleic 

acid probes to other types of targets. 

Aptamers are small oligonucleotides that are identified in vitro to selectively bind 

to a wide range of target of molecules such as drugs, proteins or other inorganic or 

organic molecules with high affinity and selectivity. The process by which aptamers are 

generated is called SELEX which combines combinatorial chemistry and in vitro 

evolution. SELEX was first described by three independent laboratories in 1990.4-6  

The concept of SELEX process is based on the ability of small oligonucleotides 

(typically 80-100mers) to fold into unique secondary or tertiary structures which can 

interact with a specific target with high selectivity and affinity. Consequently, the SELEX 

process requires chemical synthesis of a large DNA library with completely random base-

sequence flanked by defined primer binding sites for polymerase chain reaction 

amplification purpose. The initial library of the SELEX process is incredibly complex 

with at least 1015 different DNA molecules. The immense variability of the generated 

pool is to ensure that it will contain at least a few molecules with unique conformational 

characteristics that will facilitate the selective interactions with the target molecule. In a 

typical round of SELEX, the first step is to incubate the library with the target molecule 

in a desired buffer condition (Figure 1-6). Some sequences of the library will bind to 
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target molecule tightly, while some sequences bind weakly and a majority of the initial 

sequence do not bind at all. The second step is to separate the few high affinity sequences 

from low affinity and no affinity sequences. Several separation techniques have been 

explored and established for SELEX, including nitrocellulose filter techniques, affinity 

chromatography technique, and capillary electrophoresis (CE). Low affinity sequences 

are discarded through the partitioning process, resulting in a library pool with enriched 

high affinity sequences. Through polymerase chain reaction (PCR) process, the resulting 

pool is amplified and used for the next round of SELEX. By increasing the stringency of 

binding condition in later rounds, high affinity sequences can be greatly enriched. 

Usually it takes 20-30 rounds of SELEX to obtained aptamer sequences with good 

affinity. Once the aptamer sequences are enriched, their sequences can be identified by 

high throughput  sequencing. 

 
 
Figure 1-6. Schematic presentation of a typical SELEX process. 

In order to report the binding of an aptamer to its target, a signal transduction 

mechanism has to be built into the aptamer sequence in order to engineer molecular 

aptamer beacon. For fluorescence imaging, a variety of signal transduction mechanisms 

can be used. For example, fluorescence intensity changes, fluorescence wavelength 

shifting, fluorescence anisotropy, as well as fluorescence lifetime can be used to signal 

the binding event. Different aptamers have different secondary structures, therefore they 
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require different signal transduction approaches for different aptamers in order to render 

high selectivity and high sensitivity to the resulting aptamer probe for real-time imaging. 

Different signal transduction approaches have been successfully exploited to design 

molecular aptamer beacons for selective and sensitive detection of cancer marker proteins 

and other molecules in real-time.  

Careful selection of the signal transduction mechanism is conducted according to 

the changes of secondary structure of the aptamer before and after binding. When the 

aptamer retains the same conformation after target binding (Figure1-7 A), an anisotropy 

measurement approach could be used.19 The aptamer sequence is labeled with a 

fluorophore. The fluorescence anisotropy fluorophore is mainly dependent on the 

rotational motion of the fluorophore which, in turn, is dependent on the size and shape of 

the rotating molecule and the viscosity of the solvent environment. Fluorescence 

anisotropy methods provide an easy and reliable way for studying aptamer binding with 

target and for the detection of the target in real-time. We have used the signal to design 

an aptamer probe for PDGF (platelet- derived growth factor) with high selectivity and 

sensitivity (with a limit of detection about 0.22nM).19 In designing of an aptamer probe 

which changes its conformation from closed conformation (hair-pin) to open structure, 

fluorescence intensity measurement methods could be explored (Figure 1-7B). Either end 

of the aptamer sequence will be labeled with a fluorophore and a quencher respectively. 

Before target binding, the hair-pin structure of aptamer holds the fluorophore close to the 

quencher, suppressing the fluorescence. Target binding opens the aptamer structure, 

thereby separating quencher from the fluorophore. The separation of fluorophore from 

quencher results in an increase in fluorescence intensity. Another signal transduction 
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mechanism involves fluorophore excimer formation (Figure  1-7C). This approach 

applies to any aptamer that changes its conformation from open linear form to a close 

conformation upon binding to its target.7;22 The binding event brings two monomers close 

enough to allow the formation of an excimer. Because the excimer emits at a longer 

wavelength than the monomer does, the target binding event will be reported by the 

increase of fluorescence intensity at the wavelength corresponding to the excimer. This 

method is very selective and sensitive. Using this method, we were able to detect 

nanomolar PDGF protein with the bare eye.7 A probe based on fluorescence quenching 

will be obtained if one of the dyes is replaced by a quencher in the third case, which is 

exemplified by an aptamer cocaine sensor.22 

 
Figure 1-7 Signaling binding of aptamer to its target. (A) Anisotropy approach. The 

secondary structure of aptamer does not change upon target binding. The 
rotation rate of aptamer will slow down after binds to its target, resulting in 
increase of anisotropy signal. (B) Fluorescence intensity method. After 
binding to its target, structure of aptamer changes from closed state to open 
structure. The binding event separates quencher (Q) from the fluorophore (F), 
leading increase of fluorescence intensity. (C) Excimer approach. The 
secondary structure of aptamer change from open to close state, bring two 
fluorophore in proximity to allow formation of excimer, excited state dimer. 
The excimer gives a fluorescence emission with a different color. 

All three of above signal transduction approaches allow the design of molecular 

aptamer beacon probes for the detection of target molecules in real-time. For some 

aptamers without obvious target-induced structure change or without conformation 

information, rational structure engineering 36-39 can be performed to engineer structure-
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switching aptamers. This strategy has been well demonstrated by Bayer et al who used 

the aptamer/target binding event to switch the aptamer structure to convert it to a gene 

expression regulator.39 A simple yet general approach of engineering any aptamer into 

structure switching aptamer for real-time signaling applications has also been 

reported36;37. In addition, with a combination of the fast turnaround of automatic SELEX 

techniques40 and novel selection approaches,41;42 virtually any target can have at least one 

conformation-changing aptamer sequence. Thus, numerous molecular aptamer beacons 

may be quickly for real-time sensitive and selective monitoring and imaging of their 

targets in cells.  

Challenges of Using Nucleic Acid Probes for Intracellular Analysis  

Many of the applications discussed revealed limitations and challenges that still 

exist with intracellular applications of nucleic acid probes. One of the major challenges is 

low sensitivity. MB, for example have been reported to be able to detect as low as 10 

copies of mRNA sequences,43 but most MB applications so far are limited to detecting 

highly expressed or stimulated genes. The low sensitivity is a result from several factors, 

including low brightness of the fluorophore used to label molecular probes, high 

fluorescence background of the closed MBs, and autofluorescence of the cell.7 Another 

challenge is degradation of normal DNA MBs inside of the cell.44 Once the MBs are 

degraded by endogenous nucleases, the MB stem opens, creating a false positive signal. 

In addition, the interaction of the MBs with introceullar proteins also disrupts the hair-pin 

structure, resulting in nonspecific signals. Generating solutions to these problems is 

crucial for the use of nucleic acid probes for intracellular imaging and bioanalysis.  
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Scope of This Research 

The scope of the work presented here is to use MBs and molecular aptamer beacons 

as model probes to conduct a systematic investigation into the design of effective, 

selective and sensitive nucleic acid probes toward intracellular analysis applications. A 

new fluorescent material called conjugated polymer PPE was explored as the signaling 

element to amplify molecular recognition signal. To minimize the probe background, 

macromolecules, called superquenchers with better quenching efficiency were designed 

and used to label molecular probes. Time-resolved measurement applied to nucleic acid 

probes to remove autofluorescence background for the detection bimolecules such as 

proteins and nucleic acid in complex biological systems. To improve the selectivity and 

effectiveness of nucleic acid probes, locked nucleic acids (LNAs), were used to construct 

MBs. A new signal transduction scheme was also explored to design a new form of 

nucleic acid probes called hybrid molecular probe, which is present in the last chapter of 

the dissertation.   
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CHAPTER 2 
DIRECT SYNTHESIS OF AN OLIGONUCLEOTIDE-POLY (PHENYLENE 

ETHYNYLENE) CONJUGATE WITH A PRECISE ONE-TO-ONE MOLECULAR 
RATIO 

Introduction 

Detection of biomolecules such as DNA, RNA and protein in real-time is of great 

importance to a variety of areas such as medical diagnosis, disease prevention, and drug 

discovery. While selectivity in bioanalysis can be achieved by capitalizing on highly 

selective molecular recognitions such as antibody-antigen binding, DNA hybridization, 

and receptor-ligand interaction, the sensitivity of a bioprobe is dependent on the 

technique used to translate the target recognition events into measurable signals. To date, 

the most common signal transduction schemes utilize optical or electrical methods.45;46 

Fluorescence is a sensitive optical transduction method which can be integrated into a 

variety of molecular probes. Attenuation, enhancement, or wavelength shifts in the 

fluorescence emission can be used to signal specific interactions between the probe and 

the target biomolecule. In many cases, only a single fluorophore is used to signal a 

binding event. Low signal intensity from this single dye and its vulnerability to 

photobleaching, limit the sensitivity of these fluorescence based detection approaches. 

The introduction of new fluorescent materials capable of signaling molecular recognition 

events with greater measurable changes has significant potential in addressing the 

predominant sensitivity limitations in current bioanalysis. 

Among many new material developed for signal amplification, fluorescent 

conjugated polymers ( CP, or amplifying fluorescence polymers (AFP)) have attracted 
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increasing attention 47-54 because of their unique light harvesting52;55 and 

superquenching54;56-58 properties. Conjugated polymers, also called conducting polymers, 

are poly-unsaturated macromolecules in which all the backbone atoms are sp or sp2 

hybridized. They are known to exhibit photoluminescence with high quantum 

efficiency59. A unique and attractive optical property of fluorescent CPs is their 

fluorescence superquenching effect;58;60 that is, the CPs are a hundred- to million-fold 

more sensitive to fluorescence quenching compared to that of their low molecular weight 

analogues. This fluorescence superquenching is attributed to a combination of 

delocalization of the electronic excited state (exciton) and fast migration of the exciton 

along the conjugated polymer chain. As a result, if the fluorescence of any single repeat 

unit is quenched, the entire polymer chain responds. An entire polymer chain of 

poly(phenylene vinylene) (PPV) with about 1000 repeat units has been shown to be 

quenched by a single methyl viologen molecule.61  

With this superquenching capability, conjugated polymers have shown great 

potential for sensing applications.  Many types of conjugated polymers, including 

polythiophenes62-64, polypyrroles65, PPVs66 and poly(phenylene ethynylene)s (PPEs)46;67-

71, have been used in sensing applications. Among them, water soluble poly(phenylene 

ethynylene)s (PPEs) are attractive candidates in optical biosensing due to their facile 

synthesis and high fluorescence quantum yields in aqueous solution.49;53;72 PPEs can be 

prepared through the Pd-catalyzed cross-coupling of bis-acetylenic and diiodoaryl 

monomers in an amine environment.50 

 In order to be useful for bioanalysis and bioapplication, the polymer must be 

conjugated with a biomolecule such as a DNA strand, a peptide, or a protein. Such 
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conjugation can be accomplished by coupling PPEs with pendant reactive groups to 

biomolecules with specific reactive moieties, e.g. by formation of an amide bond between 

a carboxylic acid-functionalized PPE and an amine functionalized biomolecule. Although 

some progress has been made in the coupling of PPEs to biotin,58;68 there remains a clear 

need to develop new strategies for coupling PPEs to oligonucleotides and proteins. 

Effective strategies for coupling such biomolecucles to conjugated polymers would have 

significant implications for a variety of fields, including bioanalysis and biomedical 

diagnostics.73 Unfortunately, coupling of PPEs to large biomolecules is fraught with 

difficulties. First, introduction of reactive pendant groups can be challenging and may 

also change the polymer’s properties. Second, the coupling efficiency is low due to 

unfavorable steric and electrostatic interactions between the polymer and the target 

biomolecule. Moreover, the coupled product has similar chemical and physical properties 

to those of the free polymer, making it difficult to separate the conjugated product from 

unreacted polymer. Finally, the degree of coupling to the polymer is difficult to control 

due to the nature of the polymer, the poor coupling efficiency, as well as the lack of 

effective separation methods.  

This chapter discusses a new method we have developed for the conjugation of a 

water soluble poly (phenylene ethynylene) (PPE) with an oligonucleotide.74  This new 

method makes it possible to efficiently couple an AFP with biomolecules for bioanalysis 

and biosensor applications. This new strategy was used to label PPE on MB sequences 

for signal amplifications.  
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Experimental Section 

Chemicals and Reagents 

Synthesis of PPE-SO3 was previously described and performed in Dr. Kirk 

Schanze’s lab.53 The polymer was purified by dialysis against deionized water, and it was 

stored as an aqueous stock solution in the dark under an argon atmosphere. The 

molecular weight (Mn) of PPE-SO3 was estimated to be 100 kD based on ultrafiltration 

and end group analysis. The polymer’s extinction coefficient (ε) was determined to be  

57,000 M-1 cm-1 in MeOH solution by gravimetric analysis (all concentrations are 

provided as polymer repeat unit concentration: [PRU]). The polymer stock solution 

concentration was 2.08 mg mL-1, which corresponds to [PRU] = 4 mM. The stock 

solution was diluted as needed to prepare solutions used for spectroscopic experiments. 

Final concentrations of the diluted PPE-SO3 solutions were determined based on the 

polymer’s extinction coefficient. DABCYL and QSY 7 were purchased from Molecular 

Probes and used as received. All DNA synthesis reagents were supplied by Glen 

Research (Sterling,Va,). 

Synthesis of PPE-DNA 

A 16mer oligonucleotide (GCG ACC ATA GCG A TTT AGA) was synthesized on 

a DNA synthesizer. To the last base of the olignonucleotide, 5I-dU was coupled using 

corresponded phosphoramidite with a coupling time of 15 min to ensure maximum 

coupling efficiency. Controlled pored glass support from four 1 µmol-scale columns 

containing the 5I-dU modified oligonucleotide was transferred to a 100 mL round 

bottomed flask containing 20 mL of DMSO. The PPE monomers disodium 3-[2,5-diiodo-

4-(3-sulfonatopropoxy)phenoxy]propane-1-sulfonate (690 µmol) and 1,4-

diethynylbenzene (694 µmol) were then added to the solution under a gentle flow of 
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argon with stirring. The resulting solution was deoxygenated by several cycles of 

vacuum-argon degassing. Another solution comprised of 20 µmol of Pd(PPh3)4 and 20 

µmol of CuI in a mixture of 10 ml of DMSO and dimethylaminopyridine was likewise 

deoxygenated and subsequently added dropwise to the monomer solution. The final 

mixture was again deoxygenated and stirred at room temperature under a positive 

pressure of argon for 24 hrs.  The resulting solution was viscous, brown-yellow in color 

and exhibited an intense blue-green fluorescence under near-UV illumination. The 

solution was then centrifuged and the precipitated CPG was washed several times with 

DMSO and water until the supernatant was clear and colorless. The CPG was then 

incubated in ammonia at 55°C for 8h to cleave the oligonucleotide from the CPG and to 

deprotect the bases. A control synthesis was carried out following the same procedures 

and experimental conditions, where a 16mer DNA without the 5I-dU base was used.  

The solutions that resulted after ammonia incubation of the 5I-dU oligonucleotide 

derivatized CPG and the control CPG were desalted by ethanol precipitation, dried and 

dissolved in deionized water. 

Instruments 

An ABI 3400 DNA/RNA synthesizer was used for DNA/probe synthesis. UV-

Visible absorption spectra were obtained on a Varian Cary 300 dual-beam  

spectrophotometer, with a scan rate of 300 nm/min. Fluorescence measurement were 

conducted on a SPEX Fluorolog-Tau-3 spectrofluorometer (Jobin Yvon, Inc., Edison, NJ) 

with a 450 W Xenon lamp. A 1 cm square quartz cuvette was used for both absorption 

and emission measurements. 
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Fluorescence Quenching Experiments 

Fluorescence quenching experiments were carried out by micro-titration in a 

fluorescence cuvette. In a typical titration experiment, 3 mL of a PPE-SO3 solution was 

placed in a 1 cm quartz fluorescence cell. The fluorescence spectra were recorded at 

room temperature. Then fluorescence spectra were repeatedly acquired subsequent to the 

addition of µL aliquots of a concentrated solution that contained the quencher. Quencher 

solution aliquots were delivered using a calibrated Eppendorf microliter pipetter. 

Results and Discussion 

Biofuctionalization of Conjugated Polymer PPE 

Here we introduce a versatile and effective synthetic method for coupling 

oligonucleotides to conjugated polyelectrolytes. Instead of synthesizing the polymer and 

oligonucleotide separately before coupling, we treat the oligonucleotide as an “end-

capping” monomer in the Pd-catalyzed step-growth polymerization of the PPE-based 

conjugated polyelectrolyte. The oligonucleotide takes part in the polymerization process, 

and is incorporated into the PPE chain as an end-capping unit. The oligonucleotide-

functionalized monomer is bound to a controlled pore glass (CPG) solid support, 

allowing the DNA-PPE conjugate to be easily separated by centrifugation. As each 

oligonucleotide has only one end functionalized with an “end-capping” monomer, only 

one polymer chain can grow from a DNA strand, resulting in a precise one-to-one 

coupling. Furthermore, this method not only allows an oligonucleotide to be conjugated 

to a PPE chain, but it can also be extended to other biomolecules such as biotin using a 

similar approach when biotin phosphoramidite is used.   
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Figure 2-1. Schematic representation of solid state synthesis of DNA-PPE conjugate.  

Figure 2-1 shows the process of making a DNA-PPE conjugate. On a CPG support, 

an oligonucleotide with a defined sequence was synthesized from the 3’ end to 5’ end 

using standard phosphoramidite chemistry. 5'-Dimethoxytrityl-5-iodo-2'-deoxy- uridine 

3'-[(2-cyanoethyl)-(N,N-diisopropyl)] phosphoramidite (5I-dU phosphoramidite) was 

used to introduce a 5I-dU as the last base of the oligonucleotide, providing the 

functionalization necessary to render the oligonucleotide active as a monomer for the 

PPE.  Under Sonogashira conditions, the 5I-dU base couples to terminal alkynes with 

high efficiency.75;76 The 5I–dU functionalized oligonucleotide was then added to the PPE 

polymerization solution as an end-capping monomer, allowing the polymer chain to cross 

couple with the CPG-linked oligonucleotide. Two advantages can immediately be seen 

from this synthesis approach. First of all, as one end of DNA can be functionalized with 

5I-dU, only one polymer chain can grow from a DNA a chain, allowing one-to-one 
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coupling of a DNA chain to a PPE chain. Secondly, every PPE chain coupled to the DNA 

chain is linked to CPG, allowing effective separation of DNA-PPE from free PPE by 

means of centrifugation.  

Coupling of PPE Monomer and Oligomer to DNA 

Two small organic molecules (Figure 2-2) were used to confirm that the 5I-dU 

modified oligonucleotide is able to conjugate to the polymer monomer and oligomers 

present in the polymerization reaction mixture. In one model reaction, ethynylbenzene 

was coupled with the CPG-linked DNA.  In a second reaction, 4-[(2,5-dimethoxyphenyl) 

ethynyl]-4'-ethynyl-1,1'-biphenyl, was used to mimic a small PPE oligomer.  

H

MeO

OMe

H

ethynylbenzene 4-[(2,5-dim ethoxyphenyl)ethynyl]-4'-ethynyl-1,1'-biphenyl  
Figure 2-2. Model molecules used to couple to 5I-dU functionalized oligonucleotide. 

The products of the two model molecules coupled with 5I-dU functionalized 

oligonucleotide were analyzed with reverse phase gradient C8 HPLC/UV/ESI-MS. The 

oligonucleotides yielded [M-zH]z- ions in (-)ESI-MS and [M+zH]z+ ions in (+)ESI-MS. 

The molecular masses were calculated from the multiple charge ion spectra. As the (-) 

ESI-MS yielded more charge states than the (+)ESI-MS, it provided better precision on 

the MW determination. The observed molecular weights matched the number calculated 

from the product structures. For example, the calculated molecular weight of 

ethynylbenzene modified oligonucleotide was 5183.4, while the observed molecular 

weight was 5181.6, calculated form the predominant m/z 1728.2 [M+3H]3+ ion in 

positive mode. In the negative ion mode (Figure 2-3), this compound yielded several [M-
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zH]z- ions, permitting its molecular weight to be determined:  MW = 5182 +/- 2.1u, n=6 

ions.  The calculated molecular weight of 4-[(2,5-dimethoxyphenyl) ethynyl]-4'-ethynyl-

1,1'-biphenyl modified oligonucleotide was 5419, while the observed molecular weight 

was 5418.8 from (-) ESI-MS (Figure 2-4) and 5417.7 from (+) ESI-MS. Figure 2-5 is the 

negative ESI mass spectrum of a 16mer DNA used in the control synthesis. This 16 mer 

DNA has the same sequence as that used to synthesize the DNA-PPE monomer, DNA-

PPE oligomer and DNA-PPE except that there is no 5I-dU at the 5’ end. The observed 

molecular weight of this control 16mer DNA was 4791.9 and matched well with the 

calculated molecular weight (4792.2g/mol). These results indicated that the CPG-linked 

oligonucleotide is able to undergo cross coupling with terminal acetylenes under 

Sonogashira conditions. More importantly, mass spectroscopy shows that the 

oligonucleotides remained intact after exposure to the polymerization condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3.  The (-)ESI mass spectra of DNA-PPE monomer (Calculated MW=5183.4). 
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Figure 2-4. The negative ESI mass spectra of DNA-PPE oligomer (Calculated MW 
=5419.4). 

Figure 2-5. The negative ESI mass spectra of control 16mer DNA (Calculated 
MW=4792.2). 
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DNA Hybridization Study 

An important criterion in choosing a polymerization condition is that the reaction 

environment has to be mild enough to allow DNA to remain intact and reserve its bio-

recognition capability. Mass spectroscopy analysis indicated that DNA structure 

remained unchanged after exposure to the polymerization condition. To test the bio-

functionality of those polymerization reaction treated DNA, a MB assay was employed. 

The sequence of the MB used was: 5’ –DABCYL-CCT AGC TCT AAA TCG CTA TGG 

TCG C GCT AGG-TMR-3’. Two cDNA samples, cDNA1 and cDNA2, sharing same 

sequence (5’-GCG ACC ATA GCG A TTT AGA-3’) were synthesized under different 

conditions. The cDNA1 was synthesized with normal DNA preparation procedure, while 

cDNA2 had been exposed to the polymerization reaction. The sequence of these two 

cDNA targets was designed complementary to the loop sequence of the MB. If the cDNA 

functions as a normal DNA strand, it will hybridize to the MB, restoring its fluorescence.  
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Figure 2-6. Fluorescence enhancement of the MB after addition of cDNAs. 100 nM of 
MB in 20 mM Tris-HCl buffer (50mM NaCl, 5mM MgCl2, pH 7.5 ). cDNA1 
concentration = 500 nM, cDNA2 concentration = 500 nM, and the random 
sequence DNA concentration used was 2 uM. 
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Figure 2-6 shows cDNA1 and cDNA2 hybridized to a MB, resulting in a similar 

signal enhancement. Upon addition of excess random DNA, no significant signal changes 

were observed.  

These results showed that cDNA2, after exposure to the polymerization condition, 

functioned as well as a normal DNA cDNA1 did, indicating that the polymerization 

condition had no significant effect on the bio-recognition capability of the DNA.  

Direct Synthesis of DNA-PPE with One-to-One Ratio 

In the original method of synthesizing water-soluble PPEs53, a mixture of water, 

DMF, and diisopropylamine was used. The growth of PPE from the 5I-dU functionalized 

DNA requires anhydrous conditions since the oligonucleotide is linked to CPG by an 

ester bond, which in addition to the base protection groups on the oligonucleotide is 

sensitive to any nucleophiles especially under basic condition.  Preliminary synthetic 

preparations indicate that PPE-SO3
- can be synthesized in either 

DMSO/dimethylaminopyridine or DMF/triethylamine solvent systems. Thus, DMSO/ 

dimethylaminopyridine was chosen for the synthesis of DNA-PPE. The monomers, CPG 

containing 5I-dU functionalized DNA, and catalysts were incubated in deoxygenated 

DMSO/dimethylaminopyridine solution stirred at room temperature under a positive 

pressure of argon for 24 hrs. The solution was then centrifuged and the precipitated CPG 

was washed several times with DMSO and water until the supernatant was clear and 

colorless. After washing, the CPG was still yellow-green and highly fluorescent. The 

color was likely comes from the PPE molecules that covently conjugated to the DNA on 

the CPG. The CPG was then incubated in ammonia at 55°C to cleave the oligonucleotide 

from the CPG and to deprotect the bases. After overnight incubation, the CPG became 

white while the liquid phase turned yellow-green and fluoresced under UV illumination, 
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indicating that the PPE coupled to DNA was cleaved from the CPG as a result of the 

cleavage of the DNA from the support. For the control synthesis using CPG with a 16mer 

DNA without 5I-dU base, the CPG was white after 3 repeated rinses prior to cleaving 

DNA from the solid support. No color from the control CPG indicates that PPE was not 

coupled to the DNA and could not be coupled without the iodine-derivatized 

deoxyuridine. 

 Figure 2-7 compares the fluorescence emission spectra of the DNA-PPE and the 

control solutions. The DNA-PPE solution shows an emission band with a maximum at 

520 nm, which is consistent with a previous report that this PPE emits at 520 nm in water 

(the emission is broad because the PPE is aggregated in water).53 Deaggregation of the 

PPE induced by addition of a non-ionic surfactant,77 dispersion into agarose gel or 

changing to methanol solvent,53 shifts the emission maximum of the PPE to 455 nm. 

Figure 2-8 shows the emission peak shift of the DNA-PPE conjugate from 520 nm to 455 

nm as a result of de-aggregation after being dispersed in agarose gel. The strong 

fluorescence from the DNA-PPE solution and the lack of fluorescence from the control 

solution suggests that the PPE has been successfully coupled to the DNA. 
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Figure 2-7. Fluorescence emission spectra of DNA-PPE, and the control solution. 
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Figure 2-8.  Fluorescence emission of PPE in agarose gel stained with ethidium bromide 

The fact that the PPE is coupled to the 5I-dU DNA was further confirmed by gel 

electrophoresis, where a 0.5% agarose gel was used to analyze DNA-PPE, PPE, and the 

DNA obtained from the control synthesis. As shown in Figure 2-9, in the DNA lane (3), 

only one band is observed, while in the PPE lane (2), no DNA band exists. By contrast, 

there are two bands in the DNA-PPE lane (1), suggesting that at least two types of DNA 

are present. One is likely the “free” DNA (this band has a similar migration rate as that in 

lane 3), and the second is likely the DNA-PPE conjugate. The DNA-PPE band migrates 

very little in the agarose matrix, due to the rigid rod structure50 of the PPE and the large 

molecular weight of PPE-DNA conjugate. Quantitative analysis of the DNA-PPE lane 

revealed that the ratio of the overall intensity for the DNA band to that for the DNA-PPE 

conjugate band is about 1.2, indicating a yield higher than 45% for the coupling reaction 

between the DNA strand and the PPE.  
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Figure 2-9. Gel electrophoresis of PPE-DNA (1), PPE (2), and DNA (3) samples. 
Agarose 0.5%, 1× TBE buffer (0.089 M Tris, 0.089 M borate and 2 mM 
EDTA, pH 8.2-8.4), 90V for 20 minutes. The gel was prestained with 
ethidium bromide for DNA detection. Pictures were taken with a Kodak 
camera in fluorescence mode with a 540-640 nm band pass filter. This filter 
passes emission from ethidium bromide, indicating the presence of 
oligonucleotide, while removing the emission for PPE under this condition 
(PPE emits at 455 nm in agarose gel). 

Design of PPE-MB for Signal Amplification 

The successful establishment of this conjugation method allows us to construct a 

variety of biosensors using conjugated polymers, where a precise control of the coupling 

ratio of recognition molecules to polymer and complete separation of free conjugated 

polymer from the biofunctionalized conjugated polymer are crucial. Our first attempt was 

to synthesize a MB with a conjugated polymer chain as its fluorophore. A MB13 is a 

hairpin shaped oligonucleotide with a fluorescent dye (F) at one end and a quencher (Q) 

at the other end. In the absence of the target DNA, the fluorescent dye and quencher 

molecule are brought close together by the probe's self-complementary stem, suppressing 

the fluorescence signal. Because the perfectly matched DNA duplex is more stable than 

the single-stranded hairpin, the MB readily hybridizes to its target sequence, thereby 

disrupting the stem structure, separating the fluorophore from the quencher, and restoring 

 1               2                   3 
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the fluorescence signal (Figure 2-10a). Unlike a traditional dye labeled MB, this new 

design uses a polymer chain as its fluorophore to amplify the fluorescent signal. When 

the MB is in its closed state, the polymer chain will be in close proximity to the quencher. 

Because of the superquenching property of the conjugated polymer, it is expected that the 

fluorescence of the conjugated polymer will be strongly suppressed. After target DNA 

binding, the fluorescence of the conjugated polymer will be restored as a result of the 

increased separation distance between the conjugated polymer and the quencher (Figure 

2-10b). 

 

 
 
Figure 2-10.Working principles of a MB (a) and conjugated polymer labelled MB (b). In 

a regular MB, one fluorophore is used to report a target binding event while in 
the conjugated polymer labelled MB, a conjugated polymer chain is used. 

 
Selection of Quencher and Fluorescence Quenching Study 

In order for the new type of MBs to function, careful selection of the quencher is 

important. Three criteria were considered when selecting a quencher. First, the quencher 

should be able to quench polymer PPE with high efficiency, thereby reducing 

background fluorescence. Second, in order to be integrated into a MB, the quencher 

should have the appropriate functionalities needed to couple to DNA. Finally, DNA 
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coupling should not alter the molecular properties of the quencher, particularly its 

quenching ability.  

Successful superquenching of PPEs has been accomplished by N,N’-dimethyl-4,4’-

bipyridinium (MV2+).53 However, this quencher is inappropriate for our work since it 

lacks appropriate functionalities to conjugate to DNA. Alternate non-fluorescent 

quenchers, such as DABCYL, Black Hole Quenchers and QSY-7 are widely used in MB 

synthesis. These quenchers will be good candidates for our polymeric fluorophore MB 

because of their high extinction coefficients and the well developed automatic solid phase 

synthesis method used to couple with DNA with high efficiency. 
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Figure 2-11. Structures of some comonly used non-fluorescent quenchers for MB 
synthesis. 

Among them, DABCYL is most widely used and was chosen in our MB synthesis. 

In order for the resulting conjugated polymer labelled MB to work, DABCYL should 

effectively quench the fluorescence emission of the polymer. Quenching experiments 

were performed to determine if the polymer showed superquenching by DABCYL. As 

shown in Figure 2-12, quenching of 2 µM (repeat unit concentration) PPE by different 

concentrations of DABCYL was very efficient. The Stern-Volmer quenching constant at 

lower quencher concentrations (less than 0.4 µΜ) was ≈ 4×106 M-1. At higher quencher 

concentrations, an upward curve was seen in Stern-Volmer plot, giving a much higher 

quenching constant, approximately 1.4×107 M-1.  Upward curvature is typically seen in 
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the Stern-Volmer plots of conjugated polyelectrolytes by oppositely charged quenchers, 

and the mechanism for this behavior has been discussed. 
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Figure 2-12. Stern-Volmer plot of PPE quenching by DABCYL in 40 mM Glycine-HCl 

buffer (pH 2.3). The Glycine-HCl buffer was used to protonate DABCYL as a 
counter ion to polymer PPE.  

The quenching of PPE by QSY-7 was also tested. As shown in Figure 2-13, 

quenching of 3 µM (repeat unit concentration) PPE by different concentrations of QSY-7 

was very efficient. Approximately 97% fluorescence from 3µM PPE was quenched by 

only 0.5 µM of QSY-7. 

Figure 2-13.  The emission (left) and Stern-Volmer plot (right) of 3 µM (repeat unit 
concentration) PPE-SO3 quenched by various concentrations of QSY-7 
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The Stern-Volmer quenching constant at lower quencher concentration (less than 

0.3 µΜ) was as high as 2.5×107M-1. At higher quencher concentration, an upward curve 

was seen in Stern-Volmer plot, giving a much higher quenching constant, 1×108 M-1. The 

quenching experiment were conducted on PE-SO3 (Figure 2-14 Left), a low molecular 

weight analogue of PPE-SO3. It was found the quenching constant of PE-SO3 by QSY-7 

was about 1.9×105 M-1. This comparison clearly showed that the conjugated polymer 

PPE-SO3 is more than 520 times sensitive to the quencher QSY-7 than its low molecular 

weight analogue PE-SO3. 

These two experiments confirmed that PPE can be superquenched by the non-

fluorescent quenchers DABCYL and QSY-7.  DABCYL was chosen for the design of 

PPE-MB since it can be directly coupled to a DNA chain directly using a DABCYL 

functionalized CPG or phorphoramidite.  

Figure 2-14. The structure of PE-SO3 and the Stern-Volmer plot (right) of 3 µM PE-SO3 
quenched by various concentrations of QSY-7 

Synthesis of PPE-MB 

The synthesis of the MB followed the same procedure as described above except 

that a 3’ DABYCL(4-(4-(dimethylamino)phenylazo)benzoic acid) quencher CPG was 

used instead of a regular base CPG (Figure 2-15). The MB sequence synthesized was 5’-
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PPE- CC TAG CTC TAA ATC ACT ATG GTC GCG CTA GG-Dabcyl-3’. Theoretical 

calculations indicated this sequence could form a stable hairpin structure.78  
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Figure 2-15 Schematic representation of solid state synthesis of conjugated polymer 

labelled MB. Q stands for quencher DABCYL. The resulting MB’s sequence 
is: 5’-PPE- CC TAG CTC TAA ATC ACT ATG GTC GCG CTA GG-
DABCYL-3’ 
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Figure 2-16. Response of PPE labelled MB to its target DNA. MB sequence: 5'-PPE- CC 

TAG CTC TAA ATC ACT ATG GTC GCG CTA GG-DABCYL-3', Target 
Sequence: 5'- GCG ACC ATA GTG ATT TAG A -3'. Buffer condition: 
20mM Tris-HCl, pH7.5, 50mM NaCl, 5mM MgCl2, 0.1%Tween20.  

Figure 2-16 shows the response of the conjugated polymer labeled MB to 5-fold 

excess of target DNA. Immediately after the addition of target DNA, increase of polymer 

emission was observed. When lower concentration of target was used, a slower reaction 

profile was observed. As a negative control, a large excess of random sequence DNA was 

added to the MB solution, and this did not give any substantial change in the fluorescence 
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intensity. These hybridization results suggested that: 1) the DABYCL molecule quenches 

the polymer chain when the MB is in its hairpin conformation; 2) the conjugated polymer 

labeled MB functions as a normal MB that selectively hybridizes to its target DNA. 

The initial success of making PPE-MB mixes with several problems that warrant 

future optimization of the design. First, it was found that the MB did not work quite well 

in a pure buffer in the absence of surfactant. This is likely due to the fact that the polymer 

chain tends to stack together. The use of non-ionic surfactant can de-aggregate the 

polymer,77 allowing each PPE-MB function as an individual probe. The use of surfactant 

might not be compatible with some applications. Designing new conjugate polymers with 

no tendency to self-aggregate eliminates the need for surfactant. Second, although the 

overall signal intensity from the probe was high, the signal enhancement was very low 

due to a very high background signal. High background signal could result from low 

quenching capacity of the quencher to quench a polymer chain, or failure of forming 

stable hair-pin structure of the probe due to steric hindrance imposed by the bulky 

structure of polymer. New quenchers should be explored and the stem of the MB needs to 

be carefully optimized in order to counteract this steric hindrance. Finally, current 

methods of making polymers result in polymer chain of different length for each probe. 

Such a distribution in polymer chain length might cause big signal distributions for 

detecting targets with low copy number as each probe might give different signal 

intensities. Developing a size controllable polymerization method will benefit the 

performance of the probe.   

 Conclusions 

To use conjugated polymers to amplify biomolecular interactions, we have 

developed a novel synthetic method for conjugation of a water soluble PPE with an 
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oligonucleotide. Coupling was achieved by carrying out the PPE polymerization reaction 

in the presence of a 5I-dU terminated oligonucleotide linked to a CPG support. The 

product, DNA-PPE, can be easily separated from free PPE by centrifugation. The 

conjugation reaction is simple, fast and easily controllable. The coupling efficiency 

between the PPE and the DNA is high. Mass spectroscopy analysis and DNA 

hybridization study results indicated that polymerization condition was so mild that the 

DNA exposed to polymerization not only remained structurally intact, but also kept their 

bio-recognition capability. The new method has four distinct advantages: stoichiometric 

labeling of DNA to the polymer chain; easy separation to enable high purity of the 

desired final product; high yield for DNA and PPE conjugation; and structural stability to 

covalent conjugation between the biomolecules and the PPE. This new method makes it 

possible to efficiently couple a fluorescent amplifying polymer with biomolecules for 

sensitive signaling in a variety of biosensor applications. To explore the use of  

conjugated polymers for DNA sensing, a MB was synthesized with a conjugated polymer 

chain as the signaling element. Without the strategies developed here, the preparation of 

such a MB would have been extremely difficult or even impossible. This MB produced a 

strong fluorescence signal specifically for the complementary sequence and showed 

promise as a sensitive bioanalytical probe. The physical, chemical, spectral and biological 

properties of this hybrid material DNA-PPE are currently being investigated. The 

application of PPE labeled MB in high sensitive bioassays is also in progress.   
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CHAPTER 3 
MOLECULAR ASSEMBLY OF SUPERQUENCHERS IN SIGNALING 

MOLECULAR INTERACTIONS  

Introduction 

This chapter discusses the establishment of a molecular assembling approach to 

generate a series of quenchers for the signaling of molecular interactions.79 There are two 

important ways to improve the sensitivity of molecular beacons. One is to enhance the 

fluorescence intensity of the open-state molecular beacons, which has been tested in 

Chapter 2. Another way is to minimize the fluorescence intensity of the molecular 

beacons in the closed-stem conformation. In molecular probe design and preparation, the 

unquenched high background from the probe itself limits the increment of signal change 

upon interacting with their targets, which leads to poor sensitivity of the detection 

methods. Strategies for improving the signal-to-background ratio (SBR) of molecular 

probes promise higher assay sensitivity as well as better reproducibility. There have been 

encouraging progress in attempts at introducing novel signaling schemes,80;81 exploring 

nanocomposites82;83, and improving quenching performance using rational molecular 

design coupled with sophisticated synthesis methods.84-86 

In this chapter, we explore the feasibility of assembling multiple quenchers to label 

molecular probes in an attempt to improve the overall quenching efficiency of the 

quencher moiety thus minimizing the probe background signal and enhancing the probe 

SBR. We have explored two ways of introducing multiple quencher molecules into a 

molecular beacon sequence: one labels the quenchers on the side chain of beacon stem; 
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the other tethers multiple quenchers at the end of the stem through a dendrimeric linker. 

The resulting quenching efficiencies from these two labeling approaches were compared.   

Experimental Section 

Molecular Beacon Synthesis 

All DNA synthesis reagents were from Glen Research (Starling, Va). Molecular 

Beacons were synthesized with an ABI3400 DNA/RNA synthesizer. Table 3-1 lists the 

probes synthesized for this study. 

For side chain labeling or internal labeling, FAM labeled dT phosphoramidite was 

used for FAM labeling. DABCYL labeled dT phophoramidite was used to introduce one 

DABCYL molecule into each sequence. Multiple couplings of DABCYL labeled dT 

phophoramidite were performed to attach plural DABCYL molecules to the stem 

sequence. For FAM-dT and DABCYL-dT coupling, 15 minutes of reaction time was 

used to ensure optimal coupling efficiency. 

For all end labeling synthesis, FAM CPG was used for all FAM labeled molecular 

beacons synthesis. For Cy3 labeled MBs, phosphate CPG and ultramild deprotection 

phosphoramidites were used. TMR-CPG and normal phosphoramidites were used for 

TMR labeled MB synthesis. Symmetric doubler phosphoramidite, asymmetric doubler 

phosphoramidite, and trebler phosphoramidites were used to assemble different 

Superquenchers. Coupling time for all linker and quencher labeling was 15 minutes.  

For FAM labeled MBs, incubation overnight concentrated in ammonia was used 

for cleavage and base deprotection. Ultramild deprotection condition, overnight 

/incubation in 0.05M K2CO3/methanol, was used for the Cy3 labeled molecular beacons. 

Deprotection of the TMR labeled MBs was done by treating the oligonucleotides with a 

tert-butylamine: methanol: water (1:1:2) incubation for 3 h at 65 °C.87 
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The resulting ammonia-dissolved oligonucleotides were precipitated in ethanol. 

The precipitates were then dissolved in 0.5ml of 0.1 M triethylammonium acetate (pH 

7.0) for further purification with high-pressure liquid chromatography. The HPLC was 

performed on a ProStar HPLC Station (Varian, CA) equipped with a fluorescence and a 

photodioarray detector. A C18 reverse phase column (Alltech, C18, 5µM, 250x4.6mm) 

was used. For FAM labeled MBs, the fractions that absorbed at 260, 470 and 488nm 

while fluorescing at 520nm with 488nm excitation were collected.  Several fractions for a 

run were collected for multiple-quencher MBs. For example, in the purification of the 

three-quencher MBs, three fractions were collected from HPLC. Each fraction was well 

resolved and corresponded to single quencher, two-quencher and three-quencher MBs. 

The last fractions in each separation was collected and corresponded to the fully complete 

probe.  

Table 3-1. Sequences of MBs synthesized in this study. T(D), T(F), FAM, CY3, 5, 6, 7, 8 
stand for DABCYL labeled dT, fluorescein labeled dT,  fluorescein dye, cy3 
dye, symmetric doubler linker, DABCYL, trebler linker and ECLIPSE 
respectively. 

Name Sequence 
MB226 FAM- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-DABCYL 
Single-Q-MB CCT T(D)TC GCT CTA AAT CAC TAT GGT CGC GCG AT(F)A GG 
Dual-Q-MB CCT(D)T(D)TC GCT CTA AAT CAC TAT GGT CGC GCG AT(F)A GG 
Tri-Q-MB CCT(D)T(D)T(D)C GCT CTA AAT CAC TAT GGT CGC GCG AT(F)A GG 
Quad-Q-MB GTG T(D)T(D)T(D)T(D)GC TCT AAA TCA CTA TGG TCG CGC AAT(F) ACA C 
MB3F51D 6CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F52D 65CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F53D 67CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F54D 655CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F56D 675CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F95D 677CCTAGCTCTAAATCACTATGGTCGCGCTAGG-FAM 
MB3F51DCY3 6CCTAGCTCTAAATCACTATGGTCGCGCTAGG-CY3 
MB3F53DCY3 67CCTAGCTCTAAATCACTATGGTCGCGCTAGG-CY3 
MB3F53DTMR 67CCTAGCTCTAAATCACTATGGTCGCGCTAGG-TMR 
PDGF3F53D 67CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-FAM 
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 Hybridization of MB 

Fluorescence measurements were conducted on a Fluorolog-3 Model FL3-22 

spectrofluorometer (JOBIN YVON-SPEX Industries, Edison, NJ) using a 4 ml quartz 

cuvette. All hybridization was performed at 25 oC with an external circulating water bath. 

The background fluorescence of a 3ml buffer solution containing 20mM of Tris-HCl 

(pH7.5), 50mM NaCl and 5mM MgCl2 was monitored for about 1 minute. Then 1-10 uL 

of MB solution was added the hybridization buffer and the fluorescence emission was 

monitored. After a stable fluorescent signal was reached, an excess of target 

oligonucleotide was added. The level of fluorescent intensity was recorded. The 

excitation/emission wavelengths were set to 488 nm/515 nm, 546 nm/566 nm, 550 

nm/580 nm for fluorescein, Cy3 and TMR dye labeled MB respectively.  

The signal-to-background ratio was determined by SBR= (Fhybrid-Fbuffer)/ (FMB -

Fbuffer), where Fhybrid, Fbuffer, and FMB probe are the fluorescence intensity of the MB–

target hybrid, the buffer, and the free MB, respectively. The quenching efficiency was 

defined as Q%=100*(1-((Fhybrid-Fbuffer)/ (FMB probe-FBuffer)). 

Results and Discussion 

Design of Multiple-Quencher MBs 

Extensive study of the unique thermodynamics and specificity of molecular 

beacons88;89 has demonstrated two main advantages: excellent sensitivity to the detection 

of one base mismatch in a nucleic acid sequence and direct detection of unlabeled 

oligonucleotides.82 Although these properties have resulted  in a variety of fluorescence-

based applications such as DNA/RNA detection,12;13;90-92 living systems 

investigation,29;31;35;93 enzymatic process monitoring,94;95 biosensor design,96;97 protein-

DNA interactions,98;99 and biochip fabrications,100-102 there is still the challenge of 
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improving the sensitivity of these probe assays. Poor detection sensitivity of the probes 

has hindered the biological application and potential of molecular beacon probes. It has 

been theorized that MBs should have up to a 200-fold of enhancement in fluorescence 

signal, but this enhancement has rarely been achieved in MB applications. Low signal 

enhancement, is a result of many factors, including formation of secondary structures, 

sticky end pairing, presence of fluorescent impurities and low quenching efficiency of the 

quencher molecule. While the first two factors may be eliminated through careful design 

of the probe sequences, the latter two factors remain major sources of high background 

signal.  

The quenching efficiency of the quencher molecule could be improved by 

exploring new molecular designs and developing novel synthesis methods to obtain better 

quenchers. As a universal quencher,12 4-((4’-(dimethylamion) phyenyl) azo) benzoic acid 

(DABCYL) has been widely used in molecular beacon synthesis. DABCYL can quench 

at most 99.0% of the fluorescence of a dye placed in close proximity.82 While optimal for 

quenching fluorescein, the quencher efficiency of DABCYL diminishes significantly for 

dyes emitting at longer wavelengths.82 Recently, new organic quenchers with improved 

efficiencies have been developed and are commercially available. Among them include 

Black Hole Quenchers, Iowa Black, ECLIPSE, QSY quencher series. Although these 

new quenchers offer improved quenching efficiency for different fluorophores, their 

performance is limited when used in MBs.  

Another possible way to improve the quenching efficiency is to assemble multiple 

quenchers together to pair with one fluorophore in a molecular probe. Pairing multiple 

quenchers with a single fluorophore provides better quenching efficiency due to the 
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summation of the quencher’s extinction coefficients and the increased probability of 

dipole-dipole coupling between the quenchers and the fluorophore as a result of a 

increased molecular interaction. In addition to the improved quenching performance, the 

attachment of extra quencher molecules to the probe sequence effectively extends the 

retention time of the probe in a reverse phase HPLC column, allowing better separation 

of the fluorescent impurities. 

As a proof of principle, MBs with multiple quenchers were designed and 

synthesized. Two ways of labeling quenchers to an MB sequence were explored: internal 

labeling and end labeling. In the first design, quencher labeled bases were used to build 

several adjacent bases in one arm of the MB. To the corresponding base in the other arm 

of the stem, a fluorophore labeled base was used.  Figure 3-1 is a schematic showing the 

structure of the internally labeled three-quencher MB.   

 

Figure 3-1. Structure of an internal labeled three-quencher molecular beacon. Three 
DABCYL molecules, are internally attached to the 5' arm of the molecular 
beacon, while the fluorophore is internally labeled next to the 3’ end.  In this 
figure, the red circles stand for DABCYL labeled dT while yellow circle 
stands for fluorescein labeled dT.  

In the second design, dendrimeric linkers103;104 were used to allow different number 

of quenchers to be assembled together at the end of an MB sequence (Figure 3-2). 
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Figure 3-2 Structure of an end-labeled multiple-quencher MB. The 5' end of the 
oligonucleotide is attached to three DABCYL molecules, while the 3' end is 
labeled with a fluorescein molecule. In this figure, the red balls are DABCYL 
molecules and the, yellow one is the fluorescein molecule. 

Internally Labeled Multiple-Quencher MBs 

In this design, quencher and fluorophore labeled phosphoramidites were used to 

label the quencher and fluorophore to the molecular beacon sequence. The number of 

quenchers attached to the probe can be adjusted by controlling the number of quencher 

labeled bases in one of the arms of the stem. Because of the commercial availability, 

DABCYL-dT phosphoramidite was used for multiple-labeling of DABCYL. Ideally, a 

fluorophore labeled dA phosphoramidite should be positioned opposite the dT base in the 

other arm of the stem. However, a fluorescein labeled dT phosphoramidite was used for 

fluorophore labeling in this initial testing synthesis due to the limited availability of 

fluorophore labeled phosphoramidites. The length and base composition of the stem was 
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adjusted to compensate the T:T base mismatched pair in the stem and allow the formation 

a stable hairpin structure.  Figure 3-1 shows the structure of the internally labeled three-

quencher molecular beacon. The three DABCYL molecules are internally attached to the 

5′ arm of the molecular beacon, while the fluorophore is internally labeled adjacent to the 

middle quencher on the 3′ end.   

Figure 3-3 Signal enhancement of MB226, a regular beacon, and Tri-Q MB, a new 
beacon with three quenchers. In both case, the molecular beacons are 65nM, 
and the cDNA concentration used is 325nM.  These two beacons has the same 
loop sequence to recognize the same target DNA, and are designed to have 
similar stem stability.  

Hybridization experiments resulted in  nearly a 69-fold signal enhancement of 

fluorescent signal for the three-quencher MB after introduction of target DNA sequence. 

Under the same experiment condition, an MB with single quencher showed only about 

15-fold signal change (Figure 3-3). These two beacons were designed to have the same 

loop sequence and same stem stability. The 54-fold increase over single quencher MBs is 
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a clear indication of the enhanced quenching of the fluorophore by increasing number of 

the quencher molecules used.  

The beacon synthesized with this new design exhibits high target selectivity by 

discriminating against single base mismatches as evidenced in the thermal denaturing 

profiles of the probe with different targets (Figure 3-4). The red plot is a solution of 

65nM Tri-Q-MB with 325nM of target DNA. The black one is 65nM Tri-Q-MB and 325 

nM of c-DNA with a single base mismatch. The green line is the MB without target. The 

sequences of the full compliment and mismatched cDNA are AGA TTT AGT GAT ACC 

AGC G and  AGA TTT AGC GAT ACC AGC G respectively. The duplex of the MB and 

the complimentay sequence is much more stable than the duplex of the MB and the 

mismatched sequence, as indicated by the difference in melting temperature.  The melting 

temperature of the former duplex is approximately 20°C higher than that of the later 

duplex. 
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Figure 3-4 Melting temperature curve of Tri-Q-MB, a molecular beacon synthesized with 

three quenchers, as described in Figure3-1. 
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The selectivity was also evident in hybridization kinetics. Figure 3-5 shows the 

hybridization of the Tri-Q-MB with perfect matched DNA, one base mismatched DNA 

and a scrambled sequence. The mismatched sequence hybridizes to the probe much more 

slowly than the perfectly matched target. It should be noted that the purpose of these 

experiments was not to do single base mismatched detection. Instead, it was to confirm 

the selectivity of this new design MB. Optimal single base discrimination of a MB could 

be achieved by careful optimization of the experimental conditions.   
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Figure 3-5 Response of 65nM Tri-Q MB to 325nM perfect matched DNA 
(complementary to its loop), single base mismatched DNA and 10× 
concentration of random sequence DNA.  

MBs with 1, 2, 3 and 4 Internally Labeled Quenchers  

To see how the number of quenchers in a MB sequence affects the background 

signal of the closed-stem conformation MB, MBs with different number of quenchers 

were synthesized (Figure 3-6).  For fair comparison, these MBs were designed in such a 

way to have the same loop structure and similar stem stability. Thermodynamic 

calculations using the mfold program showed that free energies for the single quencher 

MB, dual-quencher MB, Tri-quencher MB and Quad-quencher MB are -2.6, -2.7, -2.7, -
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2.7 kcal/mole respectively.78 Secondary structure prediction gave a single hair-pin 

structure for each sequence.78 All MBs were prepared according to the same synthesis 

and purification protocols.   

 
Figure 3-6 Secondary structures of Single-Q-MB (a), Dual-Q-MB (b), Tri-Q-MB(c) and 

Quad-Q-MB (d). Fluorescein-dT phorsphoramidite and DABCYL-dT 
phosphoramidite were used as the internal fluorophore and quencher labels 
respectively.  

Figure 3-7 shows the HPLC analysis result of these four MBs. The retention time 

of the MB increases as the number of quencher molecules increases. The longer retention 

time is accounted for by the greater hybrophobicity of the quencher moieties. All of the 

MBs were synthesized in 400 nmole scale except Tri-Q-MB, which was synthesized in 

800 nmole scale. The overall synthesis efficiency decreased as the number of quenchers 

in a sequence increased as estimated from the peak areas in HPLC. During the HPLC 

purification, the fluorophore labeled truncated DNA sequence came out first, followed by 

the Single-Q-MB, Dual-Q-MB, Tri-Q-MB, and the Quad-Q-MB eluted out last. The 

longer retention times allows the multiple-quencher MB sequences to be well separated 

from fluorescent impurities.  
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Figure3-7. HPLC profile of Single-Q-MB(blue), Dual-Q-MB(red), Tri-Q-MB(pink), and 

Quad-Q-MB(green).  

Under the same conditions, the hybridization of the MBs was conducted and 

compared. As seen in Figure 3-8, except for the Quad-Q-MB, MBs with more quencher 

molecules gave lower background signal. All the molecular beacons had similar 

fluorescence intensity when 5 time excess of cDNA was present. The decrease in 

background signal yielded better signal enhancement for multiple-quencher MBs. (Figure 

3-9). 
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Figure 3-8. Fluorescent intensity of 65 nM MBs at close state (left) and opened state 

(right). 315nM cDNA was used in the hybridization experiments. 
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When the quencher number increased to four per MB sequence, the stem structure 

became less stable, which resulted in slightly higher background intensity, and thus lower 

signal enhancement for the quad-quencher MB.  
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Figure 3-9 Signal enhancements of MBs. The regular molecular beacon is labeled with a 

DACYL at 5’ and a TMR at 3’.  

The results from this experiment suggest that increasing the number of quencher 

molecules can be an effective way to improve the fluorescence quenching efficiency of 

the quencher moiety in a molecular probe. Because the FRET efficiency is inversely 

proportional to the 6th power of the donor-acceptor distance, the multiple quenchers have 

negligible quenching effect when the MB is opened.  As a result, the multiple quenchers 

mostly decrease the background emission of the MB and improve the overall signal 

enhancement. 

While is easy to incorporate multiple quencher molecules in the stem of MBs by 

directly using the dye labeled bases, such a side labeling strategy has its limitations. First, 

coupling of multiple-dye labeled bases to a sequence is time-consuming and the overall 
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efficiency drops significantly with the increased coupling steps. Second, the use of dye-

labeled base in the stem of a molecular beacon limits the freedom to design a MB 

sequence because the availability of the dye labeled reagents. Third, the dyes are attached 

to the base of a nucleotide, which might affect the stability of the stem by weakening 

base pairing. Fourth, there are normally only 5-6 base pairs in an MB stem, which limits 

the number of quencher molecules that can be used. And finally, the nature of side 

labeling prevents close interactions between the quenchers and the fluorophores, thus 

maximum quenching efficiency can not be achieved.  To overcome these limitations, a 

second labeling strategy—the externally labeling of multiple quenchers was developed 

and tested. 

MBs with Externally Labeled Multiple Quenchers—Assembling of Superquenchers 

The second approach of labeling multiple quenchers in a molecular beacon probe 

utilizes dendrimeric linkers103;104 to assemble different number of quencher molecules to 

the end of the DNA sequence.79 The synthesis of the multiple-quencher molecular beacon 

as shown in Figure 3-2 was started with a fluorophore CPG column. DNA bases were 

then coupled one by one as programmed in a DNA synthesizer. Following the coupling 

of the the 5' base, a dendrimeric phosphoramidite103;104 was coupled before incorporation 

of the  quencher molecules. The dendrimeric phosphoramidite generated multiple 

reactive OH groups for the subsequent coupling of quencher molecules. The number of 

OH groups generated varies depending on the type of dendrimeric phosophoramide linker 

used. For example, a trebler phorsphoramidite (Figure 3-10) has three OH groups once 

activated, allowing the coupling of three quencher molecules to the end of the DNA 

sequence. A symmetric doubler is a linker for the introduction two quencher molecules. 

Utilizing different protecting groups, the asymmetry linker can be used to introduce 
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different type of molecules in a controllable manner. More quencher molecules can be 

coupled by the sequential addition of dendrimeric linkers to the end of the DNA sequence 

before adding the quencher molecule. The post-synthesis treatment of the molecular 

beacon, including deprotection, desalting, and purification, followed the same procedure 

used to produce normal molecular beacons. The sum of the extinction coefficients of the 

oligonucleotide sequence, quenchers, and fluorophores at 260 nm was then used for 

product quantitation.  
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Figure 3-10. Structures of the dendrimeric linkers used to assemble multiple quenchers to 

the end of molecular beacon sequences.  

 
A MB with three DABCYL quencher molecules was first synthesized and tested. 

Figure 3-11 compares the hybridization result of this three-quencher beacon MB3F53D 

with that of a single-quencher beacon MB3F51D of the same sequence and same 

fluorophore. Under the same experimental condition, the three-quencher MB had a signal 

enhancement as high as 326-fold upon hybridization to its cDNA. This enhancement is a 

dramatic improvement compared to the 14-fold enhancement obtained from the single-

quencher MB. This comparison clearly indicates that the dendrimeric quencher assembly 

dramatically improves the SBR of the MB. Figure 3-12 shows that the three quencher 

MB had high selectivity by exhibiting single mismatch discrimination ability. These 
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assemblies were called superquenchers because of the excellent quenching efficiency 

demonstrated by the dendrimeric quenchers.  
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Figure 3-11 Signal enhancement of MB 3F51D, a regular beacon, and MB 3F53D, a 

beacon with three end-label quenchers. In both case, the molecular beacons 
are 65nM, and the c-DNA concentration used is 325nM.   

0 500 1000 1500 2000 2500 3000
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0

Fl
uo

re
sc

en
ce

 In
te

ns
ity

x1
00

00

Time (second)

 cDNA
 Mismatch
 Noncomplementary

 
Figure 3-12 Response of 65nM MB 3F51D to 325nM perfect matched DNA 

(complementary to its loop), single base mismatched DNA and 10 times 
concentration of random sequence DNA. 

The bulky structure of the superquencher assembly does not destabilize the MB 

stem because quencher molecules are attached to the end of the molecular beacon 

sequence rather than in the middle interior of the stem. Instead, the superquencher 
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actually helps stabilize the hair-pin structure of the MB, as evidenced by the melting 

temperatures (Tm) of the MBs (Figure 3-13).  Results from melting temperature 

measurement experiments indicated that the single-quencher MB had a Tm of about 54.2 

°C , while the triple-Quencher MB has a Tm as high as 59.1°C. The Tm of the SQ labeled 

MB was about 4.9 °C higher than that of a regular MB. This stabilization is likely a result 

of the enhanced hydrophobic interaction between the fluorophore and quenchers. 

 
Figure 3-13 Melting temperature of a single-quencher MB and Triple-Quencher MB. 

Superquenchers from Different Number and Types of Quenchers  

Using dendrimeric linkers shown in Figure 3-10, the number of  conjugated 

fluorescence acceptor molecules can be controlled. Figure 3-14 shows the absorbance of 

a series of molecular beacons with different numbers of DABCYL molecules. These 

molecular beacons are labeled with fluorescein at the 3′ end, and have the same stem and 

loop sequence. When the number of DABCYL molecules increases, the absorbance at 

400-500nm increases accordingly. Figure 3-15 shows a linear response of A460nm to the 

number of quencher molecules added. This shows that the superquencher can be 

engineered with a desired extinction coefficient. When the number of quencher molecule 



66 

 

increased from 1 to 3, as indicated in Figure 3-16, the signal enhancement of the MBs 

increased accordingly. It is expected that with more quencher molecules attached, a 

higher signal enhancement may be attained. Surprisingly, however, molecular beacons 

with quencher molecules greater than three had a lower SBR than that of a three-

quencher molecule beacon. This seems to contradict to the assumption that the the 

quenching capability increases with the number of quencher molecules, as indicated in 

Figure 3-15. A closer look at the structure of the MBs explains why molecular beacon 

with 4, 6 and 9 quenchers have lower signal enhancement than the MB with three 

quenchers. For all of the MBs with more than three quencher molecules attached, a 

second generation of dendrimeric linkers were required for quencher coupling. The two 

and three-quencher MBs, on the other hand, only required a single layer of dendrimer 

linker. Figure 3-17 shows the structures of a six-quencher MB and a three-quencher MB. 

Because the six-quencher MB uses two layers of dendrimer linkers for the coupling of 

quencher molecules, the quencher molecules are about 10 carbon-carbon bonds further 

away from the fluorophore molecule in the closed-stem conformation. Due to the strong 

distance dependence of FRET, the increased separation of the quenchers from the 

fluorophore significantly decreases their FRET efficiency. In addition, such a separation 

might exclude the presence of static quenching, another avenue for quenching in 

molecular beacons.12 Although the six-quencher complex has a higher overall extinction 

coefficient, the quenching efficiency of the six-quencher MB is lower than the three-

quencher MB. The linker length between dC and FAM at 3′ end may be further optimized 

to improve the SBR of these superquencher labeled MBs.  
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Figure 3-14. UV spectra of molecular beacons with different quencher molecules. The 
third digit in each legend designates the number of quencher molecules used. 
For example, MB3F 59D D20 stands for the molecular beacon with 3’ FAM 
label while the 5’ labeled with 9 DABCYL molecules.  
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Figure 3-15. A460nm of same concentration of molecular beacons with different 
quencher molecules. 
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Figure 3-16. Signal enhancements of MBs with different number of quenchers 

5'
C G

TC
A
T

A
ATCACTATG

G
T
CGCC

G
A
T

G
C
T
A

O
OP

O

O-
C

O
OH

OH

O

O
O

NH

3'

O

PO-

O

OO
O

O

O

G

O

N
N

N CH3CH3

O
NH

O
P

O

O-

P
O

O-

O

O
O

O

N
N

N CH3CH3

O
NH

O
P

O

O-

O

N
N

N CH3CH3

O
NH

O
P

O

O-

P
O

O-

O

O
O

O

N
N

N CH3CH3

O
NH

O
P

O

O-

O

N
N

N CH3CH3

O
NH

O
P

O

O-

P OO-

O

O
O

O

N
N

N CH3CH3

O
NH

O
P

O

O-

5'
C G

TC
A
T

A
ATCACTATG

G
T
CGCC

G
A
T

G
C
T
A

O

N
N

N CH3CH3

O
NH

O
P

O

O-

P
O

O-

O

OO
O

O

N
N

N CH3CH3

O
NH

O
P

O

O-

O

N
N

N CH3CH3

O
NH

O
P

O

O-

C
O

O
P

O

O-

G

O

OH

OH

O
O

O

NH

3'C G

 

Figure 3-17.  Structures of a six-quencher MB(left) and a three-quencher MB(right).  
Because the six-quencher MB uses two dendrimer phosphoramidites to couple 
quencher molecules, the quencher molecules are about 10 more C-C bond far 
way from FAM molecule. 

Not only can different numbers of quencher molecules be assembled to make 

superquenchers with different quenching efficiencies, the type of quencher molecules can 

also be varied. This is demonstrated by the performance of a superquencher with three 
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ECLIPSE quencher molecules. Labeled with such a superquencher and TMR 

fluorophore, a MB probe has a signal enhancement as high as 250-fold (Figure 3-18).  

 
(a) (b) 

Figure 3-18: TMR labeled superquencher MB. (a) Structure of a molecular beacon with a 
Superquencher consisting of three Eclipse quenchers and (b) hybridization of 
this molecular beacon with target DNA. 

The freedom in assembling different numbers and types of quenchers has important 

implications in fluorescent probe design. For example, superquenchers with different 

maximum absorption wavelengths and extinction coefficients can be generated to quench 

different fluorophores with excellent quenching efficiency. Furthermore, by assembling 

different types of quencher molecules, a superquencher with broad absorption range 

could be synthesized and used as a universal quencher moiety. We prepared SQ MBs 

with fluorophores such as TMR and Cy3. Excellent SBRs were observed for both of  

these dyes. For instance, the SQ MB with Cy3 showed a signal increase of 260 fold upon 

target hybridization (Figure 3-19).  
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Figure 3-19.  Response of 65nM of Cy3 labeled Triple-Quencher MB to 325nM of target 
DNA (a) and comparison of S/B of Tri-Q-Cy3 MB to that of single-Q-cy3 
MB (b). Both MBs had the same sequence except different quenchers were 
used (Quencher-CC TAG CTC TAA ATC ACT ATG GTC GCG CTA GG-
Cy3). All hybridization experiments were carried out in 20mM Tris-HCl 
buffer (pH7.5, 50mM NaCl and 5mM MgCl2) 

Superquencher Outperforms Gold Nanoparticle  

The excellent performance of the SQs was further evidenced in MBs with different 

sequences. Several reported MB82;105;106 sequences were synthesized (Table 3-2). Up to 

300 fold enhancement of SBR was observed for the MBs synthesized with SQs (Figure3-

20). This was about a 20 time improvement compared to the reported value with regular 

MBs.  

 Table 3-2. Molecular  beacon sequences 
Name Source Sequence 
MBS1 Methods Mol Biol 212, 111 FAM-

CGCACCTCTGGTCTGAAGGTTTATTGGTGCG-
DABCYL 

MBS2 Antisense Nucleic Acid Drug Dev 
12, 225 

FAM-
CGCCATGACACTAGCATCGTATCAGCATGGCG-
DABCYL 

MBS3 Nat Biotechnol 19, 365 FAM-GCGAGTTTTTTTTTTTTTTTCTCGC-Gold 
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Figure 3-20. Camparison of SBRs of molecular beacons labeled with Superquencher 

(Green) to those (Red) of MB labeled with normal quenchers (MBS1, MBS2) 
or gold nanoparticle (MBS3). 

It should be noted that  MBS3 was originally labeled with a  gold nanoparticle.82 

With their exceptional quenching capability, gold nanoparticles have been successfully 

used to construct FRET based probes82;83. When used as a quencher in an MB, the 

average quenching efficiency of the gold nanoparticle to fluorescein has been shown to 

be as high as 98.68%82, which is equivalent to about 76-fold of SBR(Figure3-19). A 

dendrimeric quencher, with three DABCYLs, surprisingly, shows a better quenching 

efficiency than the gold particle. Furthermore, compared to the gold nanoparticle, the 

superquencher is much easier to synthesize and manipulate. The superquencher can be 

separated with high purity and used over larger range temperatures. In contrast, the gold 

nanoparticle is unstable, which prevents gold-quenched MBs from being separated from 

the dye-oligonucleotides, and from being used in any temperatures higher than 50oC.82  

Use of Superquencher for Molecular Probe Labeling 

To further demonstrate the universal applicability of superquenchers for FRET 

based probes, we used SQ consisting of three DABCYLs to label one end of a synthetic 
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DNA aptamer for the B-chain of platelet derived growth factor (PDGF) 21;107. Figure 3-21 

shows the response of the dual labeled aptamer, where 5′ labeled with three DABCYLs 

and 3′ with fluorescein, to the addition of PDGF-BB. Contrary to MBs, this aptamer 

changes its conformation from an open-stem to close-stem conformation upon binding to 

PDGF protein, which brings the quencher moiety close to the fluorophore. As a result of 

the conformational change, the fluorescence intensity from the fluorophore decreases. 

Upon binding to PDGF, the SQ labeled aptamer underwent a change of fluorescent 

intensity from 294770 to the level of the buffer background (Figure 3-21). The 

fluorescent intensity changed by a factor of more than 49,000. This indicated that the 

quenching efficiency of the SQ to fluoresein is greater than 99.99%. This is a dramatic 

improvement considering that binding of the same aptamer with a single DABCYL label 

to PDGF only produces about a 95% quenching efficiency.  
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Figure 3-21. Response of a Superquencher labeled Aptamer Beacon to the addition of 

target protein PDGF-BB 
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Conclusions 

This chapter has shown that the multiple-quencher labeling approach can 

effectively improve the quenching of fluorophores in molecular probe designs. Two ways 

of labeling quencher molecules to a molecular beacon sequence were developed and 

compared. Both approaches proved that increasing the number of quenchers from 1 to 3 

in MBs significantly increases the SBR of the probe. 

 Integrating multiple quenchers in an MB sequence has two important effects. First, 

increasing the number of quencher molecules to an adjacent fluorophore greatly increases 

the overall quenching ability of MB in the close state. Second, the multi-quencher in a 

molecular beacon sequence helps improve the purity of the probe. The hydrophobicity of 

the quencher molecules greatly increases the retention time of the probe in the reverse 

phase HPLC, which significantly improves the separation efficiency. Overall, the 

introduction of multiple quenchers in a molecular beacon effectively reduces background 

fluorescence by both significantly increasing quenching efficiency of MB and improving 

the purity of MB.   

Compared to the internal labeling approach, the end labeling of multiple quenchers 

through dendrimeric linker exhibited the following advantages: easy synthesis, high 

coupling yields, no observable adverse effect on the stem stability, greater flexibility for 

stem design, and wider selection of fluorophore and quenchers combinations. The second 

approach has three distinguished features. First, the SQ assembly shows unique 

properties for engineering molecular probes. Compared with a regular MB, a SQ 

constructed MB has better sensitivity, higher purity, and stronger thermal stability. 

Second, the assembly scheme can be widely useful for different types of quencher 

molecules. Third, the SQ can be used for different fluorophores and in different types of  
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probes. The SQs used for signaling aptamer-protein interactions generated more than 

49,000 fold signal changes when PDGF aptamer bound to PDGF. No detrimental effects 

of these SQs on the performance of these probes were observed. The approach of 

assembling SQs  can effectively improve the sensitivity of a variety of fluorescence 

assays and may be very useful for molecular interaction studies.92;108  
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CHAPTER 4 
LIGHT SWITCHING EXCIMER PROBES FOR RAPID PROTEIN MONITORING IN 

COMPLEX BIOLOGICAL FLUIDS 

Introduction 

Proteins are ubiquitous and essential for life. Detection of proteins in their native 

environments has always been a critical and challenging task. In the proteomics era, 

numerous disease marker proteins are expected to be discovered from a variety of 

complex biological systems109-111. Methods for the analysis of proteins have become 

indispensable tools in new disease marker discovery and protein function studies. 

Ultimately, assays that allow rapid, simple, sensitive, selective and cost-effective 

detection of the proteins discovered are of significant importance for the understanding, 

diagnosis, treatment, and prevention of many diseases. Key factors including a highly 

selective molecular recognition element and a novel signal transduction mechanism have 

to be engineered together for successful assay development. Among many molecular 

recognition elements, synthetic nucleic acid ligands (aptamers)4-6 have gained increasing 

attention in this area. Aptamers are single-stranded oligonucleotides selected to bind to 

essentially any molecular target with high selectivity and affinity through an in vitro 

selection process called SELEX (Systematic Evolution of Ligands by EXponential 

enrichment)4-6. Aside from their excellent binding affinity and selectivity, other 

characteristics endow aptamers with great potential for use in protein analysis.19;112 For 

instance, aptamers can be routinely prepared by chemical synthesis, allowing for rapid 

preparation in large quantities with excellent reproducibility. Nucleic acid synthetic 
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chemistry also facilitates conjugation of these aptamer sequences to fluorescent dyes, 

radiolabels, or other biomolecules. Furthermore, aptamer sequences are more stable than 

proteins under a wide range of conditions and can be repeatedly used without losing their 

binding capabilities. 

In order to report the binding of an aptamer to its target, a signal transduction 

mechanism has to be built into the aptamer sequence. Fluorescent techniques offer 

excellent choices for signal transduction because of their non-destructive and highly 

sensitive nature. Several fluorescence techniques such as fluorescence anisotropy19;112, 

fluorescence resonance energy transfer (FRET)113, as well as fluorescence 

quenching20;37;113 have been used in aptamer assay development. All these signal 

transduction techniques have their individual strengths. Nonetheless, they suffer from 

several limitations that could hamper their effectiveness in complex biological samples. 

For instance, although fluorescence anisotropy only requires labeling of one dye 

molecule on each aptamer sequence, it entails complicated instrumentation and data 

interpretation. FRET or fluorescence quenching based probes quantify target 

concentrations with changes in fluorescence intensity, but these two methods are also 

sensitive to the solution environment. More importantly, they are difficult to be directly 

applied to analyzing proteins in their native environments because of interference by 

intense background signal.  

When monitoring a protein in its native environment, there are usually two 

significant background signal sources. The first one is the probe itself. For example, 

when a quenching-based FRET molecular probe is used for protein studies, the probe 

always has some incomplete quenching, resulting in a significant probe background. 
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Moreover, in a native biological environment, there are many potential sources for false 

positive signals of the molecular probe for protein analysis. The second source of 

background signal comes from the native fluorescence of the biological environment 

where the target protein resides. There are many molecular species in a biological 

environment, some of which will give a strong fluorescence background signal upon 

excitation. These problems adversely affect assay sensitivity, compromise probe 

selectivity and thus hinder the analysis of proteins. Although there have been great efforts 

in solving these problems in bioanalysis114, effective solutions to both problems are 

limited.   

To address these problems, we have engineered a novel light switching excimer 

aptamer probe for protein monitoring in biological fluids by using both steady-state and 

time-resolved fluorescence measurements.7 This strategy is a combined approach of 

wavelength switching and time-resolved measurement to solve the significant problems 

of monitoring proteins in their native environment. Our approach is to label a molecular 

aptamer with pyrene, similar to what has been reported in using pyrene for molecular 

beacons16. The aptamer sequence that binds with high affinity to the target protein PDGF-

BB is labeled with pyrene molecules at both ends. The specific binding of aptamer to its 

target protein changes the aptamer probe conformation, bringing the two pyrene 

molecules into close proximity to form an excimer (excited state dimer), which results in 

a change of fluorescence wavelength from about 400 nm for the pyrene monomer to 485 

nm for the pyrene excimer. This emission wavelength switching solves the probe 

background signal problem that occurs with FRET molecular probes. However, this alone 

can not solve the problem of strong background signal from the multiple species in the 
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biological environment. One special feature of the pyrene excimer is that it has a very 

long fluorescence lifetime14 compared with other potential fluorescent species. The 

lifetime of the pyrene excimer can be 100 ns or longer, while that for most of the 

biological background species is shorter than 5 ns. With time-resolved fluorescence 

measurements, target binding induced excimer signal can be separated from biological 

background interference. Combining light switching and time-resolve measurements, we 

are able to detect picomolar PDGF-BB in a few seconds. Therefore, direct detection and 

quantification of target molecules in complex biological samples can be carried out 

without any need of sample clean-up.  

Experimental Section 

Chemicals and Reagents.  

The sequences of oligonucleotides and aptamer probes prepared are listed in Table 

1. DNA synthesis reagents were purchased from Glen Research (Sterling,VA). Four 

aptamer sequences with different lengths shown in Table 1 were synthesized: ES3, ES4, 

ES5, and ES6 (excimer probes with 3, 4, 5, and 6 bp in the stem, respectively). All the 

aptamer sequences were labeled with pyrene at both ends.  PS3 was an aptamer sequence, 

but only singly labeled with pyrene at the 5' terminus. ESCRBL was a 39mer scramble 

oligonucleotide sequence with pyrene labeled at both ends.  

Table 4- 1. Probes and oligonucleotides used in PDGF binding study 
Name Sequence 
ES3 Pyr-AGGCTACGGCACGTAGAGCATCACCATGATCCT-Pyr 
ES4 Pyr-CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-Pyr 
ES5 Pyr-ACAGGCTACGGCACGTAGAGCATCACCATGATCCTGT-Pyr 
ES6 Pyr-CACAGGCTACGGCACGTAGAGCATCACCATGATCCTGTG-Pyr 
PS3 Pyr-AGGCTACGGCACGTAGAGCATCACCATGATCCT 
ESCRBL Pyr-GGAACGTAATCAACTGGGAGAATGTAACTGACTGC-Pyr 
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Recombinant human PDGF-BB, PDGF-AB, and PDGF-AA were purchased from 

R&D Systems (Minneapolis, MN) and dissolved in 4 mM HCl with 0.1% BSA and then 

diluted in a Tris buffer (pH 7.5) before use. Other recombinant human growth factors, 

including recombinant human epidermal growth factor (EGF) and insulin-like growth 

factor 1 (IGF-1), were from Roche (Indianapolis, IN). Human bovine serum albumin 

(BSA), human hemoglobin (HEM), horse myoglobin (MYO), chicken lysozyme (LYS), 

human α-thrombin (THR) and other chemicals were from Sigma (St. Louis, MO). A 

solution of 0.1 M triethylamine acetate (pH 6.5) was used as HPLC buffer A and HPLC 

grade acetonitrile (Fisher) was used as HPLC buffer B. Tris-HCl buffer (20mM Tris-HCl, 

20 mM NaCl, pH  7.5) was used for all buffer solution based aptamer binding 

experiments. Except for the cell media, ultrapure water was used to prepare all the 

solutions. The cell media, Dulbecco’s Mofication of Eagle’s Medium (DMEM) 

(Mediatech, Inc, Herndon, VA) supplemented with 10% Fetal Bovine Serum (Invitrogen, 

Carlsbad, CA), was used for the detection of PDGF using time-resolved measurements.  

Instruments. 

An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was 

used for DNA synthesis. Probe purification was performed with a ProStar HPLC (Varian, 

Walnut Creek, CA) where a C18 column (Econosil, 5U, 250×4.6 mm) from Alltech 

(Deerfield, IL) was used. UV-Vis measurements were performed with a Cary Bio-300 

UV spectrophotometer (Varian, Walnut Creek, CA) for probe quantitation. Steady-state 

fluorescence measurements were performed on a Fluorolog-Tau-3 spectrofluorometer 

(Jobin Yvon, Inc., Edison, NJ). For emission spectra, 349 nm was used for excitation. 

Time-resolved measurements were made with a single photon counting instrument 
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(OB900, Edinburgh Analytical Instrument), where a nitrogen flash lamp was used as the 

excitation source (λ=337 nm). 

Synthesis and Purification 

A solid-phase synthesis method was used to couple pyrene to aptamer sequences at 

both 3' and 5' ends. The synthesis started with a 3'-amino-modifier C7 controlled pore 

glass (CPG) column at 1 µmol scale. Following the synthesis of the aptamer sequence, a 

5′-amine was added to the sequence using 5′-amino-modifier-C6 linker phosphoramidite. 

The column was then flushed slowly with 15 ml of DMF, 15 ml of 20% piperidine in 

DMF, 15 ml of 3% trichloroacetic acid in dichloromethane, and then another 15 ml of 

DMF. The CPG contained within the column was released into 1ml of DMF solution 

containing 57.7 mg (200 µmol) of pyrene butyric acid, 41.3 mg (200 µmol) 

dicyclocarbodiimide and 24.4 µg (200 µmol) of dimethylaminopyridine. After stirring for 

three hours, the solution was centrifuged and the supernatant was discarded. The pellet 

was washed three times with DMF, methanol, and water respectively before incubated in 

a 50% solution of methylamine in ammonia at 65°C for about 10 minutes. The resulting 

clear and colorless supernatant was collected. Under UV radiation, an intense green 

fluorescence was observed. The aptamer solution was desalted with a Sephadex G-25 

column (NAP-5, Pharmacia) and dried in a SpeedVac. The dried product was purified by 

HPLC using a C18 column with a linear elution gradient with buffer B changing from 

25% to 75% in 25 minutes at a flow rate of 1 ml/min. The second peak in 

chromatography that absorbed at 260 nm and 350 nm, and emitted at 400 nm with 350 

nm excitation was collected as the product. The collected product was then vacuum dried, 

desalted with a G-25 column and stored at -20°C for future use. 
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Results and Discussion 

Design Light Switching Excimer Aptamer Probe 

 Some spatially sensitive fluorescent dyes, such as pyrene11;14-16, BODIPY Fl17;18, 

can form excited state dimers (excimers) upon close encounter of an excited state 

molecule with another ground state molecule. The excimer emits at a longer wavelength 

than does a monomer. The formation of excimer between two pyrene molecules that are 

connected by a flexible covalent chain is useful to probe spatial arrangement of some 

molecules. Similar to FRET, the stringent distance-dependent properties of excimer 

formation can be used as a unique signal transduction in the development of molecular 

probes. This is especially useful for developing aptamer probes due to the fact that a 

variety of aptamers, like those for PDGF-BB19-21, cocaine22, thrombin23;24, and HIV1 Tat 

protein38 undergo similar conformational changes upon target binding.  

As a proof of principle, the excimer signaling approach was used to develop a 

probe for PDGF-BB. Identified by Green et al, the PDGF-BB aptamer is a DNA 

sequence with an open secondary structure in the absence of protein (Figure 4-1). When 

the aptamer binds to PDGF-BB, it changes to a closed conformation where the 3' and 5' 

ends hybridize and form a stem. Based on this, an excimer switching aptamer probe has 

been developed by labeling both ends with dyes that can form excimers. When the dual-

pyrene-labeled aptamer probe is free in solution without the target protein, both pyrene 

molecules are spatially separated and only the monomer emission peaks (at 375 nm and 

398 nm) are observed. The binding of the aptamer probe to the target protein brings the 

pyrene molecules at 3' and 5' ends together, allowing the formation of an excimer. Thus, 

the emission peak appears around 485 nm. The change in emission color serves as a rapid 
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way for qualitative analysis and the excimer fluorescence intensity can be used for highly 

sensitive real-time quantitation of PDGF in homogeneous solutions.  

 
Figure 4-1. Use of the pyrene excimer to probe PDGF. PDGF aptamer (red) is end 

labeled with pyrene molecules (blue) that are separated from each other 
because of the open structure of the aptamer. The pyrene molecule has 
monomer emission peaks at around 378 and 398 nm respectively. After 
binding to PDGF (purple), the aptamer adapts a closed conformation, bringing 
two pyrene molecules close to each other. Consequently, pyrene excimer 
(green) forms and green light (around 485 nm) is emitted after photo-
excitation.   

Synthesis of dual Pyrene Aptamer Probe 

The first step to prepare an excimer aptamer probe is to label an aptamer sequence 

with pyrene molecules. A typical method used to label a DNA sequence is based on the 

reaction between the 3' and 5' terminal-labeled primary amine of the aptamer with a 

carboxylated pyrene. Another method of coupling pyrene to DNA is through reacting the 

5'-OH to some precursor dye molecules like N-(1-pyrenepropyl) iodoacetamide, while 

attaching 3′-terminal ribose by the carbonyldiimidazole method using pyrenebutanoic 

acid.115 Unfortunately, both aforementioned methods suffer low coupling yields as a 

result of incompatible solubility between DNA and pyrene. Pyrene is very hydrophobic 

and prefers nonpolar solution as opposed to oligonucleotides favoring hydrophilic 

conditions. In fact, we attempted to couple terminal amine-labeled aptamers sequences to 

pyrenebutyric acid, but it turned out not feasible because a large volume of solvent was 
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required to use in order to solve solubility problem. Fujimoto et al16 introduced a method 

of labeling single-stranded DNA with pyrene at both 3′ and 5′ end.  Pre-synthesized 

pyrene phosphoramidite was used to automatically couple pyrene to the 5′ end of an 

oligonucleotide on a DNA synthesizer while pyrene succinimidyl ester was used to 

couple to the 3′ end of the oligonucleotide using a C3 alkylamino linker. Although the 

efficiency of pyrene-oligonucleotide coupling can be improved by using pyrene 

phosphoramidite on the DNA synthesizer, the preparation of the phosphoramidite is time 

consuming, labor intensive and requires advanced synthetic expertise.  

The solid phase coupling method used in our work provides a simple and universal 

way of multi-labeling organic dyes to DNA sequences. An amine controlled pore glass 

(CPG) and 5′ amino phosphoramidite were used for amine-labeling 3′ and 5′ ends of the 

aptamer, respectively. The 3′-amine was protected with a fluorenylmethoxycarbonyl 

(Fmoc) group and the 5′-amine with a trityl group, which were removed by piperidine 

and trifluoroacetic acid, respectively. With a hydrophobic protecting group on its bases, 

the resulting oliogonucleotide was soluble in organic solvents. In DMF, pyrenebutyric 

acid was easily coupled to the activated amine groups on the aptamer termini with the 

mediation of dicyclocarbodiimide. This solid phase coupling method has several 

advantages when compared to the other methods. First, it eliminates the use of large 

amounts of solvents. Second, the coupling reaction takes place in organic solvents which 

results in a higher coupling yield due to the absence of a hydrolysis competition reaction. 

Third, it is straightforward, easy, and time saving. Minimal organic synthesis expertise is 

required and the coupling reaction finishes within three hours. Finally, the large excess of 

un-reacted pyrene dyes can be simply removed with a centrifugation process. After the 
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coupling step, the dual-pyrene-labeled oligonucleotide is still linked to the solid support, 

which can be easily separated from excess of pyrene through centrifugation. This 

simplifies the post-synthesis purification step as well. The resulting HPLC separation 

chromatogram does not show any peak related to free pyrene molecules, suggesting 

effective removal of un-reacted pyrene in the centrifugation process. Coupling yields, as 

high as 80%, were achieved for all probes synthesized. MALDI-TOF results confirmed 

successful preparation of probes. 

Light Switching Aptamer Probe for Real-time Rapid PDGF-BB Detection 

 A light switching aptamer probe ES3 (sequence shown in Table 1; E: excimer 

probe; S3: 3 base pairs in the stem) was prepared by labeling a 33-nucleotide sequence, 

specifically selected due to its high affinity to PDGF-BB, with pyrene molecules at both 

3′ and 5′ ends. This aptamer sequence was obtained through the SELEX process and was 

reported to have about 700-fold higher affinity for PDGF when compared with other 

random DNA sequences. Figure 4-2 shows the fluorescence emission spectra from 

solutions of 100 nM ES3 with different concentrations of PDGF-BB protein. With no 

target present, monomer emission peaks were observed and there was no observable 

excimer emission. Without the target protein, this aptamer sequence adopts an open 

conformation, spatially separating both pyrene molecules at the 3′ and 5′ ends. Upon 

addition of PDGF-BB into the ES3 solution, an aptamer-protein complex was formed, 

causing the 3′ end sequence to hybridize with the 5′ end sequence to form a stable stem. 

This stem brings both pyrene molecules together, resulting in an intense excimer 

emission at 485nm (Figure 4-2). With increasing amounts of target protein in the 

solution, the excimer intensity increases proportionally.   
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Figure 4-2. Response of the excimer probe ES3 to different concentrations of PDGF-BB 

(0-40nM). [ES3]= 100 nM. 

Two control DNA sequences, PS3 and ESCRBL (P: pyrene monomer; S3: three 

base pairs in the stem; ESCRBL: excimer with scrambled sequence), were prepared to 

confirm that the observed excimer emission was a result of the aptamer-protein binding. 

The first sequence PS3 was a PDGF aptamer sequence labeled with only one pyrene at 

the 5′ end. Addition of PDGF into the PS3 solution did not change the emission spectrum 

of the solution (Figure 4-3), indicating that two pyrene molecules in close proximity is 

necessary for excimer emission and that PDGF-BB itself has no measurable effect on the 

optical properties of pyrene molecules. The second sequence, ESCRBL, was a random 

DNA sequence with its 3′ and 5′ ends labeled with pyrene. As this sequence has no 

affinity to PDGF, the addition of PDGF should not induce any excimer formation. This 

was to prove that the excimer emission resulted from aptamer-protein binding. As 

expected, this dual pyrene labeled scrambled sequence did not give any excimer emission 
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after the addition of PDGF (Figure 4-3). These two control results confirm that the 

excimer emission shown in Figure 4-2 was due to the aptamer conformational change 

upon specific binding to PDGF-BB.  
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Figure 4-3. Real-time response of ES3 and two pyrene labeled control sequences to 50 

nM of PDGF-BB. PS3 is an aptamer sequence with one pyrene labeled at 5′. 
The ESCRBLE is a random DNA sequence with pyrene labeled at both ends. 
[ES3]= [PS3] = [ESCRBLE] =100 nM. 

Data shown in Figure 4-3 reveals one important advantage of the light switching 

excimer signaling approach: detection-without-separation. As only target-bound probes 

give excimer emission, the unbound probe does not have to be separated from the 

solution for target detection. This detection-without-separation method eliminates tedious 

washing and separating procedures and allows real-time detection13. Another advantage 

of this probe is that it allows ratiometric measurement. As shown in Figure 2a, protein-

bound probe gives three emission peaks, two monomer peaks at 375 nm and 398 nm, 

respectively, and an excimer peak at 485 nm. By taking intensity ratio of the excimer 
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peak to either one of the monomer peaks, one could effectively eliminate signal 

fluctuation and minimize impact of environmental quenching on the accuracy of the 

measurement. Real-time response of excimer/monomer ratio is shown in Figure 4-3. It 

revealed that the binding of the aptamer to PDGF-BB took place within seconds. This 

suggests that the PDGF aptamer probe could be used for the rapid monitoring of PDGF in 

cells.  
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Figure 4-4.The fluorescence ratio of excimer over monomer as a function of target 

protein concentration.  [ES3]=100 nM. 

The light switching signal transduction approach affords high sensitivity. As shown 

in Figure 4-4, the excimer/monomer emission ratio of the probe responded to different 

concentrations of PDGF-BB proportionally. A linear response was observed with PDGF-

BB concentrations ranging from 0 nM to 40 nM. Based on 3 times standard deviation of 

6 measurements of blank samples, the limit of detection for PDGF-BB was in a pico-

molar range. Such a high sensitivity, together with the emission wavelength switching, 
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fast measurements and detection-without-separation properties, enabled visual detection 

of 4 pmoles of PDGF (Figure 4-5). A clear green color was observed when 4 pmoles of 

PDGF was added to a 100 nM excimer probe solution, which suggests a pico-mole range 

of PDGF can be viewed by the naked eye for clinical applications. 

 
Figure 4-5. Visual detection of 4 pico-mole PDGF-BB after illumination with an UV 

lamp. Solution of the 100 nM excimer probe without (left) and with 40 nM of 
PDGF-BB (right). The total volume of the solution was 100 µl.  

Optimization of Aptamer Length 

 The original sequence of the PDGF-BB aptamer reported by Green et al was a 39 

mer sequence.21 When it binds to PDGF-BB, this aptamer forms a three-way helix 

junction with a three-nucleotide loop at the branch point, where the 3′ and 5′ ends of the 

aptamer form a 6mer stem. Theoretical calculations116 indicated that a significant fraction 

of the 39mer aptamer sequence was in a closed conformation even without the presence 

of the target protein (Figure 4-6). An excimer probe with this sequence would generate 

excimer emission in the absence of target from this fraction of the aptamer. Because the 

stem sequence is not important for the high affinity binding to PDGF-BB21,  in order to 

reduce the background emission, the stem was gradually shortened to identify an aptamer 

sequence that was in fully opened conformation in the absence of target while reserving a 

good binding affinity. Four aptamer sequences, ES6, ES5, ES4 and ES3, were prepared, 

all of which were dually labeled with pyrene at both ends of each sequence. ES6 had the 
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full length of the reported sequence, while in ES5, ES4 and ES3 1, 2, and 3 bases from 

both ends of the reported 39mer sequence were removed, respectively.  

 
Figure 4-6.  Secondary structures of PDGF aptamer probe ES6 and ES3. 

Such a stem modification did not affect the binding of the aptamer to protein. 

Comparable binding constants were observed from binding affinity measurements. For 

all four probes, comparable excimer emission intensity was recorded for each probe at the 

same concentration of PDGF-BB. Shortening the stem, however, greatly improved 

signal-to-noise ratio of the aptamer probe by substantially reducing background signal 

from free probe (Figure 4-7). For the ES6 probe without target, a significant excimer 

emission was observed. This indicates that a large fraction of this sequence was in closed 

conformation, as indicated from the secondary structure prediction.78 Addition of PDGF-

BB resulted in a further increase of the excimer emission that was due to the ‘closing’ of 

the other fraction of the open-structure aptamer because of protein binding. However, the 

maximum signal change was less than 3-fold for this probe due to the high excimer 

emission intensity from the probe itself. By removing one base from both ends of ES6, 

the excimer emission intensity from probe ES5 was significantly reduced. Negligible 

excimer emissions were observed for ES4 and ES3. As a result, the aptamer probes with 
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3mer stem (ES3) and 4mer stem (ES4) were found to have the highest signal 

enhancement (~ 40-fold) upon addition of the target protein. 
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Figure 4-7. Fluorescence emission spectra of PDGF excimer probes with different stem 

length in the absence of PDGF-BB. Buffer: 20 mM Tris-HCl, pH 7.5, 20mM 
NaCl. [probe]=100 nM.  

Selectivity of the Probe 

To detect PDGF in test samples, the probe has to selectively respond only to 

PDGF, free from interference from other biological components. To test the probe’s 

selectivity in a simulated cell enviorment, PDGF aptamer was challenged by the addition 

of cellular proteins such as albumin, lysozyme, hemoglobin, myoglobin, and thrombin.  

Even at 10 times PDGF concentration, these proteins did not cause significant signal 

change (Figure 4-8). Further, we tested the selectivity of the excimer probe for proteins 

and peptides potentially coexisting with PDGF. The results clearly showed that this probe 

was highly selective for PDGF-BB. It did not respond to the Epidermal Growth Factor 
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(EGF), Vascular Endothelial Growth Factor (VEGF), or Insulin-Like Growth Factor 1 

(IGF-1). PDGF-AA and PDGF-AB, both of which have shown low binding affinity to the 

aptamer sequence21, induced minimal signal response. Such an enhanced selectivity 

comes from both the intrinsic high selectivity of the aptamer sequence and the stringent 

spatial requirement for the emission from the excimer formation. Partial binding or weak 

binding by other species for FRET based probes will result in substantial signal change, 

while the light switching probe will have little response for those binding events as the 

two pyrene molecules have to be in very close proximity to each other. This feature is an 

additional advantage for the light switching aptamer excimer probe. 

 
Figure 4-8. Responses of the excimer probe (50nM) to BSA, LYS, HEM, MYO and THR 

(all 500nM) and different growth factors (EGF, IGF, VEGF, PDGF-AA, 
PDGF-AB and PDGF-BB, all 50nM).  

 

Direct Quantitative Detection of PDGF in Cell Media 

Results from studies in relatively simple buffer systems demonstrate that the 

excimer aptamer probe has excellent selectivity and high sensitivity. To be more useful in 
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bioassays, this probe should be able to tolerate any interference from biological samples. 

A dyed cell medium mixed with fetal bovine serum was used to investigate the feasibility 

of using this probe in biological samples.  
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Figure 4-9. Monitoring PDGF in dyed cell media. (a) Steady-state fluorescence spectra of 

cell media, 200 nM ES3 in cell media, 200 nM PAES3 and 50 nM PDGF-BB 
in cell media, 200 nM ES3 in Tris-HCl buffer, and 200 nM ES3 with 50 nM 
PDGF-BB in Tris-HCl buffer. 

Figure 4-9 shows the spectra of the probe in a Tris-HCl buffer solution and in cell 

media. In the buffer, the probe functioned well and an intense excimer emission was 

observed when the target protein was added. Unfortunately, intense background 

fluorescence, contributing from some indigenous species in the cell media such as 

proteins, riboflavin, nicotinamide, pyridoxine, tryptophan, tyrosine as well as phenol red, 

was also observed. This intense background fluorescence buried the signal response from 

the probe and made the probe signal indistinguishable from the indigenous background 

fluorescence. This result indicates steady-state fluorescence measurement is implausible 
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for direct detection of PDGF in such a complex biological sample. It was also unclear 

whether this synthetic aptamer sequence retained its binding affinity and selectivity for 

PDGF-BB in the cell media.  

Most of the background fluorescence has a lifetime of < 5 ns. By contrast, the 

monomer and excimer emission of pyrene have much longer lifetimes (up to 100 ns). 

Such a big difference allows one to temporally separate the probe fluorescence signal 

from the intense background signal using time-resolved fluorescence spectroscopy. With 

a short excitation pulse of ~1 ns, all chromophores in the solution that absorb at this 

excitation wavelength, including pyrene and the fluorogenic molecules of the cell media 

are excited. By employing a time-resolved detection technique, the decay of the 

fluorescence signal at different wavelengths can be recorded within a relevant time 

window (e.g. in the window from 40-60 ns). The background signal is expected to have 

decayed within the first few ns after the pulsed excitation, thus the remaining 

fluorescence after 20 ns should correspond to the long-lived pyrene fluorescence. As a 

time-resolved detection technique, time correlated single photon counting (TCSPC) was 

employed, because it is one of the most sensitive methods.11  

TCSPC measurement of pure probe and probe with protein solutions suggested that 

lifetimes of both pyrene monomer and excimer in the cell media were around 40 ns. This 

is one magnitude longer than the lifetimes of most organic fluorophores and fluorescent 

components in cell media and cells, which further confirmed the possibility of temporal 

resolution of the excimer signal from intense background fluorescence. Time-resolved 

emission spectra of 200 nM ES3 in cell media with 50 nM PDGF-BB (Figure 4-10) 

revealed the change of the emission spectra on a nanosecond scale and demonstrated a 
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clear temporal separation of the signal from background noise. Taken over the first 20 ns 

decay, the emission spectrum resembled the steady state emission spectrum of the same 

sample, where excimer peak was masked by severe background fluorescence from 

endogenous fluorescence species and scattered light. Due to their short fluorescence 

lifetimes, the fluorescence and scattered light from the cell media decayed rapidly to 0.1 

% of its original signal 40 ns after the excitation pulse (Figure 4-11). By contrast, the 

excimer emission decayed slowly, retaining in reasonably high emission intensity even 

after 40 ns of decay, which allows the probe signal to be well separated from the 

background signal. As a result, the fluorescence emission spectrum taken at 40 ns after 

excitation looked similar to the emission spectrum of protein bound probe in buffer. The 

temporal separation of intense background from probe signal is evident by comparing the 

time-resolved fluorescence emission spectrum (40-60 ns) in Figure 4-10 with the steady-

state fluorescence emission spectrum of the same sample in Figure 4-9. For steady-state 

measurement, no resolved peak around 485 nm could be seen when PDGF was added to 

ES3 solution in cell media due to the significant amount of background signal. However, 

in the time-resolved emission spectrum which was recorded 40 ns after excitation, the 

long lifetime emission peak at 480 nm was well resolved.  This 480 nm peak 

corresponded to excimer emission from protein-bound probe, which was supported by 

two observations: 1) its intensity varied with changes of protein concentrations; 2) no 

such a peak was observed in the time-resolved spectra of either cell media or a cell media 

solution containing PDGF and a single-pyrene-labeled aptamer sequence PS3. Thus, this 

characteristic emission peak could be immediately used to examine the presence of 

PDGF in biological samples.  
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Figure 4-10. Time-resolved fluorescence spectra of 200 nM  ES3 and 50 nM PDGF-BB 

in cell media at different time windows after the excitation pulse, 0-20 ns 
(blue) and 40-60 (red). 
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Figure 4-11. Fluorescence decays of cell media, 200 nM ES3 in cell media, and 200 nM 
ES3 with 50 nM PDGF-BB in cell media. Excitation= 337 nm. 

With time-resolved measurement, not only can this probe qualitatively detect target 

protein in cell media, but it also allows quantitative analysis in situ. When the 

concentration of PDGF-BB increased, the fluorescence intensity of the excimer peak in 

time-resolved emission spectrum increased accordingly. Figure 4-12 shows the decays of 

aptamer probe ES3 in the cell media with various concentrations of protein PDGF-BB at 

480 nm emission. Fluorescence intensity from the response of each solution could be 
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calculated by integrating photons emitted over an optimized time window, where the 

background signal decays to a minimum while the excimer signal is still high, to obtain 

an optimal signal-to-noise ratio for accurate analysis. The highest signal-to-noise ratio at 

480 nm was observed from 40 ns to about 100 ns after the excitation. Thus, photons 

emitted between 40 ns and 100 ns were counted and integrated for each concentration to 

construct a calibration curve. The resulting fluorescence intensities were proportional to 

the PDGF-BB concentrations (Figure 4-12). This linear response of fluorescence 

intensity to PDGF in the cell samples demonstrated the feasibility of direct quantification 

of target proteins in cell media without any separation or purification.  
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Figure 4-12. Fluorescence decays of 200 nM ES3 in cell media with various 
concentrations of PDGF-BB(Left) and the response of fluorescence intensity 
to the change of protein concentration (Right).   

Conclusions 

With their unique properties, aptamers are finding increasing applications in 

therapeutic practices, disease diagnosis and protein functional studies. These binding 

elements, once integrated with a novel signal transduction mechanism, can be used as 

sensitive and selective probes for protein detection. We have demonstrated that the light 

switching excimer approach is an excellent signal transduction system for aptamer probe 
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development. The generation of excimer emission requires on conformational change of 

the aptamer brought about by complexation with a target to bring two pyrene molecules 

together. This signaling approach has wide applicability for several reasons. First, there 

are many aptamers besides PDGF aptamer that undergo conformation changes with target 

binding event, for example, human α-thrombin aptamer23;24, cocaine aptamer22, and HIV1 

TAT protein aptamer38. These conformational changes can be immediately exploited for 

the excimer light switching probe design. For instance, we demonstrated the same 

properties with an α-thrombin aptamer labeled with two pyrene molecules. The probe 

gave excimer emission that was proportional to different concentrations of thrombin 

(Figure 4-13). A pyrene excimer probe for potassium ion has also been recently 

reported117, which further proves the wide applicability the excimer signaling approach. 

Such an inorganic ion probe, with time-resolved fluorescence measurement methods 

described here, should find useful applications for monitoring potassium ion in complex 

biological environments. Second, even for an aptamer that does not have an obvious 

target-induced structure change, it can be designed to change its secondary structure as 

desired upon target binding with rational structure engineering.36-39 This strategy has been 

well demonstrated by Bayer et al who used an aptamer/target binding event to switch the 

aptamer structure, converting it to a gene expression regulator.39 A simple yet general 

approach of engineering any aptamer into structure switching aptamer for real-time 

signaling applications has also been reported36;37. And finally, with a combination of the 

fast turnaround of automatic SELEX techniques40 and novel selection approaches41;42, for 

virtually any target at least one conformation-changing aptamer sequence can be found. 
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Thus, numerous excimer signaling probes may be created quickly for proteomics with a 

similar approach reported here.  
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Figure 4-13. Fluorescence emission spectra of human α-Thrombin aptamer excimer probe 
with different concentration of human α-Thrombin (Left) and Real-time 
response of human α-Thrombin aptamer excimer to the addition of target 
protein(1.3uM)(Right). Human α-Thrombin aptamer excimer probe: Pyrene-
GG TTG GTG TGG TTG G –Pyrene. Buffer: 20 mM Tris-HCl, pH 7.5, 
20mM NaCl. The addition of thrombin enhance of pyrene monomer 
fluorescence. Such nonspecific signal change can be eliminated by taking the 
ratio of excimer over monomer during the analysis as shown in the left figure. 

Besides its universal applicability, the excimer light switching approach offers 

higher selectivity and excellent sensitivity. A bis-pyrene probe has been recently used for 

signaling ATP based on ratio changes of the monomer/excimer fluorescence, which is 

sensitive to its environment118. However, this probe shows lower sensitivity (less than 3.5 

fold of signal change at 3 mM target concentration), a narrow dynamic range (0.5-3 mM 

ATP), and a lack of selectivity (nonspecific binding will cause false positive/negative 

signal). By contrast, the signal approach reported here requires target-induced structure 

switching in order to form excimer, preventing false signals caused by nucleases 

degradation or nonspecific binding. Another advantage of using our approach is that it 

allows ratiometric measurement, which can minimize the environmental effects to afford 
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more precise detection. More importantly, the excimer light switching approach solves 

the background problem from both probe itself and the biological environment. Using 

time-resolved single photon counting technique, this probe is able to detect PDGF-BB in 

a cell media qualitatively and quantitatively without any need of sample pretreatment. 

This excimer signaling approach has the potential for development of highly sensitive 

aptamer probes for clinical, forensic, and environmental applications. The detection-

without-separation, high sensitivity, and excellent selectivity characteristics of this 

approach will enable useful applications to construct aptamer probes for protein function 

studies in either an intracellular or an intercellular environment. 

Traditionally, steady-state measurement has been the dominant tool in fluorescence 

spectroscopy for biological studies. Results in this chapter demonstrate that time-resolved 

measurement is a more powerful tool to interrogate biological interactions in complex 

biological systems.   
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CHAPTER 5 
MOLECULAR ASSEMBLY OF LONG-LIFE TIME FLUOROPHORES FOR 

BIOANALYSIS  

Introduction 

Progress in fluorescence microscopy has enabled scientists to examine dynamic 

cellular events in single living cells in real time instead of looking at the static world of 

molecules in fixed cells1;2;119. For instance, time-resolved and two-photon microcopy 

techniques have shown their potential to overcome auto-fluorescence problems in cellular 

imaging applications.This advance has begun to yield a better understanding of cellular 

processes. However, novel fluorophores have yet to be developed for these imaging 

approaches. Ideally, a fluorophore should have the following properties for these  

imaging uses: 1) a large Stokes’ shift to minimize scattering light; 2) high fluorescence 

intensity; 3) high stability; 4) a long fluorescence lifetime that supports time resolved 

measurement; 5) suitable excitation spectrum for two-photon excitation (around 300-

400nm) with femto-second Ti:Sapphire lasers.  

In Chapter 4, we have shown that light-switching signaling coupled with time-

resolved detection helped reduce molecular probe background signal, allowing the 

detection of trace amount of proteins in complex biological fluids.7 By introducing a long 

lifetime emission fluorophore into DNA probes such as MBs, we hope to exploit time-

resolve measurement or two-photon excitation techniques to further reduce background 

signal for nucleic acid analysis in complex samples such as cell media and eventually 

inside living cells. In the present chapter, multiple-pyrene complexes are assembled to 
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generate excimer fluorophores and labeled in molecular beacons. Dendrimeric linkers 

used in Chapter 3 are exploited to connect the pyrene monomers within close proximity, 

allowing high probability for excimer formation. These labels make use of the long 

fluorescence lifetime and large Stokes’ shift of the pyrene excimer for improved 

biomolecular signaling in both steady-state and time-resolved assays.  

Experimental Section 

Materials.  

All DNA synthesis reagents, including dendrimer linkers, 5′ amino-modifiers, and 

3′ DABCYL-CPGs were purchased from Glen Research (Sterling, Va). Four molecular 

beacons were synthesized with the following 32-mer sequence: 5′-CCT AGC TCT AAA 

TCA CTA TGG TCG CGC TAG G-3′ (underline indicates stem region). Each was 

labeled with a single DABCYL molecule at the 3′ terminal and between one and four 

pyrene molecules at the 5' terminal (MB1P1D, MB2P1D, MB3P1D, and MB4P1D). The 

target cDNA was synthesized with the sequence complimentary to the loop sequence of 

the molecular beacon (non-bold region). Pyrene acetic acid was supplied by Sigma-

Aldrich (St. Louis, MO). Dimethylformamide, dicyclocarbodiimide, and 

dimethylaminopyridine were purchased from Fisher. A solution of 0.1 M triethylamine 

acetate (TEAA, pH7.0) was used as HPLC buffer A and HPLC-grade acetonitrile (Fisher) 

was used as buffer B. Purified oligonucleotides were dissolved in DNase-free water 

(Fisher). Buffer-based detection assays were conducted at room temperature in a Tris-

HCl buffer (20mM Tris-HCl, 25mM NaCl, 5mM MgCl2, pH: 7.5). DMEM (Mediatech, 

Herndon, VA) was used as cell media for time-resolved DNA detection assays. A 

solution of 9,10-diphenylanthracene (Fisher) in cyclohexane (ΦR = 0.95, η = 1.423) was 
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used as a reference standard in quantum yield calculations for pyrene labeled molecular 

beacons. 

Instruments  

An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was 

used for DNA synthesis. Probe purification was performed with a ProStar HPLC (Varian, 

Walnut Creek, CA) where a C18 column (Econosil, 5U, 250×4.6 mm) from Alltech 

(Deerfield, IL) was used. UV-Vis measurements were performed with a Cary Bio-300 

UV spectrometer (Varian, Walnut Creek, CA) for probe quantitation. Steady-state 

fluorescence measurements were performed on a Fluorolog-Tau-3 spectrofluorometer 

(Jobin Yvon, Inc., Edison, NJ). For the emission spectra, 350 nm was used for excitation 

wavelength. Time-resolved measurements were made with a single photon counting 

instrument (OB900, Edinburgh Analytical Instrument), where a nitrogen flash lamp was 

used as the excitation source (λ=337 nm). 

Synthesis of Excimer MBs.  

Oligonucleotides were synthesized using solid-state phosphoramidite chemistry on 

a 1 µmol scale. Each molecular beacon sequence began on column with a 3′ DABCYL 

molecule covalently attached to a CPG substrate. After synthesizing each sequence, the 5′ 

nucleotides of MB2P1D, MB3P1D, and MB4P1D were coupled to dendrimeric linker 

phosphoramidites bearing DMT protected hydroxyl groups. Doubler and trebler 

phosphoramidites were used for the MB2P1D and MB3P1D beacons, respectively. For 

MB4P1D, the oligonucleotide was coupled to one doubler linker to generate two 

branches, to each of which another doubler linker was then coupled for two more 

branches, resulting in four terminal branches for each sequence. An amine group was 

added to each branch by coupling a 5′ amino-modifier C6 linker phosphoramidite to the 
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deprotected hydroxyl groups. The 5′ terminal of MB1P1D contained only a single amino-

modifier C6 linker. The columns were then flushed slowly with 15 ml of 3% 

trichloroacetic acid in dichloromethane to remove the MMT protecting group on the 

terminal amino group to activate the amino group for subsequent coupling of pyrene. 

After washing slowly with 15 ml of DMF, the CPG containing MB1P1D sequence was 

released from the column into a 1 ml solution of DMF containing 14.4 mg (50 µmol) 

pyrenebutyric acid, 10.3 mg (50 µmol) dicyclocarbodiimide, and 6.1 mg (50 µmol) 

dimethylaminopyridine. This step was repeated for each beacon sequence with the 

quantity of coupling reagents scaled by the number of pyrene molecules to be added to 

the 5′ terminal (i.e. 200 µmol for 4P1D). The coupling reactions proceeded at room 

temperature for approximately 6 hours and the resulting solutions were washed three 

times with DMF to remove uncoupled pyrene and other reagents. The CPG pellets were 

then added to 3 ml solutions of 50% v/v ammonium hydroxide/methylamine and 

incubated at 60° C for 15 minutes to cleave protecting groups for heterocyclic amines, 

cyanoethyl groups, and CPG from the oligonucleotide sequences. The mixtures were 

centrifuged and the colorless supernatants were retained. The oligonucleotides were 

precipitated in ethanol and re-dissolved in 0.1M TEAA solution for purification. The 

dissolved products were purified by HPLC using a C18 column with a flow rate of 1 

ml/min. Buffer B was increased linearly from 20% to 70% over a 30-minute period, 

while absorbance and fluorescence intensities were monitored. Samples which had 

absorbance peaks at 260, 350, and 470 nm and emission at 398 nm with 350 nm 

excitation were collected and dried in a SpeedVac. For each molecular beacon, the peak 
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with the longest retention time, indicating the maximum pyrene coupling, was retained 

and used for experiments. 

Quantum Yield Measurement.  

The quantum yields of multiple-pyrene complexes labeled in the molecular beacons 

were determined using 9,10-diphenylanthracene in cyclohexane as a reference (ΦR = 

0.95).11 The pyrene labeled oligonucleotides were dissolved in aqueous solution with 5 

units of DNase I to fully separate the quenching effect of DABCYL on the pyrene 

complexes. Concentrations of the reference and probes were adjusted to yield 

approximate absorbance intensities of less than 0.05 to avoid inner filter effects. An 

excitation of 346 nm was used and fluorescence emission was integrated from 350-700 

nm. The quantum yields were calculated from the following formula: 

 

where the subscripts F and R denote sample and reference respectively; Φ, ∫ I  , A, 

and n are fluorescence quantum yield, integrated fluorescence intensity, absorbance, and 

refractive index of the solvent, respectively. In this case, n=1.333, and nR=1.423. 

Results and Discussion 

Design of Excimer MBs 

The monomer-excimer switching property of pyrene has been widely explored in 

signaling molecular interactions and investigating molecular secondary structures.7;115;120-

123 This popularity comes from the fact that pyrene excimer formation is more stringently 

dependent on molecular distance than FRET, as it requires direct complexation of two 

molecules.14 It is more sensitive than FRET based measurement in studying close 

2

2

R

R

R
RF n

n
A
A

I

I

∫
∫= φφ



105 

 

distance (less than 1nm) interactions. In contrast to designs based on dynamic 

excimer/monomer switching mechanisms, we hope to assemble pyrene molecules in a 

close proximity permanently to form a series of unique fluorescence reporters to be used 

in different probe design and applications. Effective ways to assemble pyrene molecules 

include the use of peptides124 and oligonuleotides125 as the scaffolds.  

In this chapter, we describe the design and synthesis of excimer-signaling 

molecular beacon probes, containing multiple-pyrene labeled on the 5′ terminal and a 

single DABCYL molecule on the 3′ terminal, for sensitive nucleic acid detection in 

buffer and cell growth media. Unlike excimer-monomer switching mechanisms,7 the 

multiple-pyrene functionality offers a new and versatile approach to excimer-signaling 

which can be applied to traditional quenching and FRET-based signaling schemes in 

molecular probes. Dendrimer linkers79;103;104 are used as the scaffold to allow assembly of 

pyrene molecules in a controllable manner. The close interaction rendered by the 

dendrimeric linker allows these multiple-pyrene complexes to give excimer emission 

with good efficiency. Placed at the terminal of a molecular beacon, the multiple-pyrene 

complex is quenched by the quencher in close proximity when the probe is in close 

hairpin conformation with no target in the solution. Figure 5-1 shows the schematic of a 

two-pyrene MB. DABCYL was chosen as the quencher because its maximum absorption 

overlaps well with the emission of the pyrene excimer (Figure 5-2). Good spectral 

overlap ensures high FRET efficiency,11 resulting in efficient quenching of excimer 

signal thus a lower probe background. In addition, DABCYL also has absorption in the 

region where pyrene monomer emits. Quenching of monomer emission will further 

diminish excimer emission. This happens because the excited state pyrene is one of the 
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precursors for the formation of an excimer complex. As a consequence, DABCYL could 

be an effective quencher for pyrene excimer emission. When the molecular beacon 

interacts with the target, it will open, causing the quencher to separate from the multiple-

pyrene complexes. Excimer emission from the pyrene molecules will be restored to 

signal such an interaction (Figure 5-1).  

 

Figure 5-1. Schematic of a two-pyene beacon, MB-2P1D hybridization with 
complimentary target DNA.  

 
Figure 5-2. Absorption spectrum of DABCYL and emission spectrum of pyrene excimer 

in water.  

Overall, these excimer probes might offer several unique advantages: 1) large 

Stokes’ shift (excitation 350nm, emission 485nm);2) long fluorescence lifetime (greater 

than 40ns) 7; and 3) applicablity for two-photon excitation (excitation=350nm). Similar to 

pyrene excimer, the Eu complexes have a long fluorescence lifetime and the overall 
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quantum yield is high. However, the emission spectra of Eu complexes consist of 

multiple peaks. For a given emission peak, the quantum yield is not high. The second 

disadvantage of these rare earth complexes is possible “de-complexation” of the metal 

ions from the ligands in complex biological samples. 

Synthesis of Excimer MBs 

The synthesis methods developed in both Chapter 3 and Chapter 4 were used to 

make multiple-pyrene molecular beacons. In particular, the solid phase synthesis method 

used in Chapter 4 was used to couple pyrene to the oligonucleotide to solve the problem 

of the solubility incompatibility between oligonucleotide and pyrene.7 The solid phase 

synthesis method allowed the coupling of pyrene to oligonucleotides in an anhydrous 

environment, resulting in high coupling yields. The method of assembling multiple 

quenchers using dendrimer linkers developed in Chapter 3 was applied here to assemble 

different number of pyrene together.79 With different combinations of dendrimer linkers, 

multiple-pyrene complexes can be assembled with different numbers of pyrene 

molecules. Figure 5-3 illustrates the synthesis of multiple-pyrene MBs. The synthesis 

starts with DABCYL labeled CPG. After all DNA bases are added to the sequence, 

dendrimeric linkers are coupled to generate plural branches. After functionalization with 

amino groups, these branches are conjugated with pyrene. As a result, molecular beacon 

sequences with a DABCYL at 3′ end and the desired number of pyrene molecules at the 

5′ end are produced. For molecular beacon with a single pyrene, MB1P1D, no dendrimer 

linker was used, while two doubler linkers were used in consecutive to generate four 

coupling sites for pyrene coupling for the synthesis of MB4P1D.  
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Figure 5-3 Synthesis of multiple-pyrene labeled molecular beacons 

Hybridization of Excimer MBs.  

To test the performance of the excimer molecular beacons, MB2P1D was first 

synthesized and tested. Fluorescence emission of the beacon in buffer did not give a 

characteristic pyrene excimer peak around 480 nm. Instead, two barely resolved weak 

peaks at 378 and 398 nm were observed (Figure 5-4, red trace), which were likely the 

monomer peaks of pyrene. When target DNA was added to the solution, strong emission 

peak immediately appeared centering at around 485nm. The two peaks below 400 nm 

also increased as result of the addition of target DNA. The strong emission at 485nm 

clearly indicates an efficient formation of excimer when the MB is in hybridized duplex 

form. The experiment also confirmed that DABCYL could effectively quench not only 

the excimer emission, but also the monomer emission. As high as 29-fold signal 
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enhancement was recorded when equal-molar target sequences were introduced into the 

MB solution. Such a signal enhancement was comparable to those of normal FRET based 

MBs. For example, a FAM labeled MB with the same sequence and quencher label had 

showed a signal enhancement of about 15-fold under the same experimental conditions. 

When titrated with target DNA, the MB2P1D generated an excimer emission that 

increased proportionally to the amount of cDNA and reached its maximum with 1 target 

equivalent.  Slow yet steady increases in fluorescence intensity was also observed for two 

monomer emission peaks (Figure5-4).  

 
Figure 5-4. Emission spectra of 1 uM MB 2P1D with increasing concentrations of cDNA 

(0-700nM) in buffer solution. 

The selectivity of MB2P1D for different cDNA targets was compared through an 

analysis of the molecular beacon hybridization kinetics (Figure 5-5). The rate of 

hybridization with the loop complimentary target (cDNA-L) was faster than with the 

extended complimentary target (cDNA-E). The three additional bases on each end of 

cDNA-E rendered this sequence a hair-pin structure, resulting in higher activation energy 

to reach the more stable hybrid product. Hybridization of the beacon to the single base 

mismatched target resulted in a much slower rate with less than 60% of the beacon 

hybridized at equilibrium. 
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Figure 5-5. Hybridization kinetics of 100 nM MB2P1D with varying nucleic acid targets 

(1 uM): cDNA-L (green, GCGACCATAGTGATTTAGA), cDNA-E (black, 
AGCGCGACCATAGTGATTTAGAGCT), cDNA-SNP (red, 
GCGACCATAGCGATTTAGA)  

The results for MB2P1D show that covalently bringing two pyrene molecules 

together allows efficient formation of excimer complex. Such an excimer emission can be 

quenched in the same way as other organic dyes by regular quencher molecules such as 

DABCYL. The excimer complex can be used for molecular probe designs. One of the 

attractive features of pyrene excimer is its large Stokes’ shift as shown in Figure 5-4. 

With an excitation at 350 nm, pyrene excimer emits at 485 nm. A large Stokes’ shift 

allows efficient separation of scattering light from excimer emission and is useful for 

applications where scattering light is always a concern. The Stokes’ shift can be further 

extended by paring the multi-pyrene complex with other fluorophores. A complex 

containing a TMR and two pyrene molecules was synthesized. Figure 5-6 (left) shows the 

structure of such a complex, where two pyrene molecules are closely linked to a TMR 

molecule. TMR was chosen as an acceptor of pyrene fluorescence due to its strong 

absorption overlap in the 500-550 nm region of the excimer emission. The close 

proximity ensures highly efficient excimer formation and effective resonance reason 

energy transferring from the excited-state dimer to TMR. The steady-state emission 
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spectrum of the compounds revealed intense peaks at 375, 398 and 590 nm (λexc=350 nm) 

from the 2-pyrene-TMR conjugate (Figure 5-6 right). There were no visible peaks in 

either the excimer or TMR emission channels for a control complex, 1-pyrene-TMR 

conjugate. Negligible excimer emission was observed from the 2 -pyrene-TMR 

conjugate. This shows that the fluorescence energy from the excimer was efficiently 

transferred to the TMR within close spatial proximity. In contrast, FRET was not feasible 

with the single pyrene label due to the absence of the pyrene dimer emission. The 

effective Stokes’ shift of the multiple-pyrene-TMR label was extended to as large as 240 

nm. The relaying of energy to further red emitting fluorophores could be possible by 

tagging such a multiple pyrene-TMR with other dyes.126  

   
Figure 5-6. Structure and fluorescence emission of a macromolecule containing two 

pyrene and one TMR molecules.  

Time-Resolved Excimer Signaling Approach 

Large Stokes’ shift is one of the advantages that the multiple-pyrene label offers. 

Another attractive feature of the multiple-pyrene label is its long fluorescence lifetime. 

Data in Chapter 4 indicated that the lifetime of pyrene excimer was as long as 40 ns in 

aqueous solution.7 The excimer reported in Chapter 4 was a result of a decrease in the 

spatial distance between two pyrene molecules induced by the aptamer conformational 

change. Covalently tethered by a short linker, the two pyrene molecules in the open 
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MB2P1D form an excimer, exhibiting a fluorescence lifetime of about 39 ns as shown in 

Figure 5-7. This value is about one order magnitude longer than fluorescence lifetime of 

most biological species, which allow temporal separation of autofluoresecence from 

excimer emission. 

 

Figure 5-7. Fluorescence decay of MB2P1D in the prescence of 10-fold excess of target 
DNA. Excitation wavelength=337nm, Emission wavelength=485nm. 
[MB2P1D]=1µM 

One of the predominant challenges in bioanalysis and bioimaging is to circumvent 

the high background signals generated by the probe and coexisting species in solution. 

Results from Chapter 4 suggested that the application of time-resolved fluorescence 

monitoring is an effective method for detecting analytes in complex and highly auto-

fluorescent biological fluids. The sensitivity of time-gated analysis in bioassays depends 

on the fluorescence lifetime and Stokes’ shift being sufficiently large for the signaling 

agent (fluorophore) than for the background species. Lanthanide chelates (luminophores) 

are currently being explored as labeling agents in time-resolved probes due to their 

extraordinarily long fluorescence lifetimes (µs range) and large Stokes’ shifts (up to 300 

nm). The pyrene excimer is unique among organic fluorophores, possessing a long 
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fluorescence lifetime (40 ns) and large Stokes shift (>130 nm). Combined with the low 

background signal of the molecular beacon probe, the excimer-signaling of the multiple-

pyrene label permits a sensitive time-resolved approach for the detection of nucleic acids 

in biological media.  As in Chapter 4, cell media were used here to test the feasibility of 

using time-resolved measurement and the excimer MBs to detect trace amount of DNA 

complex in biological fluids.  

 

Figure 5-8. Fluorescence emission of MB2P1D in cell media containing various 
concentrations of target DNA. [MB2P1D]=500nM 

Figure 5-8 compares the target hybridization of MB2P1D in cell media with the 

various concentrations of target DNA at the same 337 nm excitation. High 

autofluorescence dominated most of the signal from the cell media with an especially 

broad peak at 400 nm, which was attributed to a combination of light scattering and 

autofluorescence from biological species. This intense background masked the excimer 

emission from the beacon, making it unable to signal the presence of target DNA in the 

solution. Even when the target concentration was as high as 5000 nM (10 times the probe 

concentration), no distinguishable peak at around 485 nm could be observed.   
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To discriminate the excimer signal of the dual pyrene label from the high 

background fluorescence, time-correlated single photon counting technique was used. 

Time-resolved emission spectrum was first obtained from MB2P1D in cell media. As 

shown in Figure 5-9, the emission spectrum taken immediately following the excitation 

had the highest intensity with a profile resembling the steady-state spectrum which 

included all of the short-lived fluorescence. At 40 ns, the excimer emission outlasted the 

background fluorescence and was noticeably more intense than emission at 398 nm. The 

time-resolved spectrum at 40 ns closely resembled the steady-state spectrum of the 

hybridized MB2P1D in buffer. In addition, it confirmed the integrity of the dual pyrene 

excimer in biological environments. Clearly, using time-resolved approach, probe signal 

can be separated from intense biological background.  

 

Figure 5-9 Time resolved spectra of MB2P1D with 5x concentration of target in cell 
media.  

The sensitivity of the time-resolved excimer signaling approach was also 

investigated for quantifying DNA in cell growth media. Time-resolved emission spectra 

indicated that once the autofluorescence had decayed away (less than 40 ns after 
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excitation), a local emission maximum for MB2P1D was observed in the pyrene excimer 

emission channel. The fluorescence decays of MB2P1D were thus appropriately 

monitored at this channel (480 nm) with varying concentrations of target cDNA in the 

cell media (Figure 5-10). The total photon counts increased proportionally to cDNA 

concentration and a clear signal separation was obtained for the fully hybridized 

MB2P1D. Maximum signal separation occurred in the 60-110 ns time frame while much 

of the excimer emission from the dual pyrene label was still retained. DNA quantification 

was possible by integrating the total photons emitted in this time interval and calibrating 

for various DNA concentrations (Figure5-10). Time-resolved signaling combined with 

the long lifetime and large Stokes’ shift of the pyrene excimer provided a sensitive 

method for detecting low nanomolar DNA concentrations in complex biological media 

without the need for sample pretreatment, extraction, or target amplification. 

 
Figure 5-10. Fluorescence decay of 500 nM MB2P1D (blue) and MB2P1D  with increase 

concentration of cDNA (red) in cell growth media (black) at 480nm. 
Maximum signal is observed in 60-110 ns time interval. 
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Tunable Intensity through Multiple Labeling. 

Another unique feature of the multiple-pyrene label is that the excimer intensity is 

scaled to a large extent by the local pyrene density, or number of monomers conjugated at 

the terminal of the molecular beacon. Unlike most commercial, organic fluorophores with 

Stokes shifts ranging from 10 to 40 nm, the pyrene excimer exhibits an exceedingly long 

Stokes’ shift (approx. 130 nm) with no overlap between the absorption (350 nm) and 

emission (480 nm) bands. This vast peak separation enables the pyrene excimer to avoid 

the effects of self-quenching even at high concentrations and labeling densities. More 

importantly, the pyrene excimer formation requires the complexation of an excited state 

molecule with a ground state molecule. Increasing the density of molecules assembled on 

the terminal of the molecular beacon greatly enhances the probability of forming excited 

stated dimers. These optical characteristics provide a unique tunable intensity feature for 

multiple-pyrene labeled probes and may improve the signaling sensitivity of 

fluorescence-based detection methods.  In addition to MB2P1D, we synthesized 

molecular beacons with 1, 3, and 4 pyrene monomers conjugated at the 5′ terminal in an 

attempt to study the effect of the number pyrene molecules on pyrene’s emission 

intensity. The emission spectra of the pyrene labeled beacons in the presence of target 

cDNA showed a substantial increase in excimer intensity with an increased number of 

pyrene monomers in the label (Figure 5-11). The monomer emission intensity at 398 nm 

was highest for MB1P1D and remained nearly constant for MB2P1D, MB3P1D, and 

MB4P1D, indicating that excimer formation was more favorable with higher densities of 

pyrene at the beacon terminal. 
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Figure 5-11. Quantum yields of multiple-pyrene labels. 

Table 5-1 Quantum yields of multiple-pyrene labels 
MB Name Quantum Yield 
1P1D 0.008±0.000 
2P1D 0.036±0.001 
3P1D 0.090±0.001 
4P1D 0.197±0.003 

 

The quantum yield results show that the more pyrene molecules assembled, the 

higher the quantum yield the label has. As shown in table 5-1, the quantum yield of 

pyrene in 2-pyrene label was about 4 times the quantum yield of a label with a single 

pyrene. Having one extra pyrene, the 3-pyrene label’s quantum yield was about twice that 

of a 2-pyrene label.  The quantum yield of the 4-pyrene label was about 0.20, about twice 

as high as that of 3-pyrene label. Such a high quantum yield, together with a remarkable 

extinction coefficient (56,000x4=236,000 cm-1M-1), makes the 4-pyrene label an 

exceptional bright UV excitable fluorophore. 

These results suggest a way to build a bright fluorophore through assembling high 

numbers of pyrene molecules together. One could use dendrimeric linkers to assemble 

multiple-pyrene labels or use polypeptides as a backbone to connect many pyrene 

molecules together. Of course, solubility of the product could be a problem for biological 
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applications because of the hydrophobicity of pyrene. Therefore, water soluble monomers 

would need to be used for these pursuits. One of the hydrophilic pyrene derivatives is 

cascade blue (Figure 5-12). Our initial testing indicates that this fluorophore is able to 

form excimer with emission peak around 510nm.  

 Figure 5-12. Structure of Cacade blue acetyl azide and its emission spectra at different 
concentrations. 

Effect of Multiple Pyrene on the Stability and Kinetic of MBs 

To investigate the effect of the hydrophobic and bulky multiple-pyrene label on the 

stability of molecular beacon, melting temperature of 1, 2, 3, and 4 pyrene molecular 

beacons were measured and results are showed in Figure 5-13. The Tm of molecular 

beacons MB1P1D, MB2P1D, MB3P1D, and MB4P1D, obtained from the maximum of 

the first derivative of the melting temperature curve of the corresponding molecular 

beacon, were about 60.4, 62.5, 61.8, and 61.5 °C respectively (Figure 5-13). For a 

molecular beacon with FAM and DABCYL labels, the melting temperature measured 

was about 56 °C. Each of these pyrene-labeled molecular beacons has a higher Tm than 

FAM-labeled MBs. This increase of stem stability could result from 1) hydrophobic 

interactions127 between DABCYL and pyrene molecules and 2) the interchelation of 
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pyrene in stem duplex.128 Increasing the number of pyrene molecules at the 5′ end of a 

molecular beacon sequence did not cause observable change in Tm of the probe, 

indicating the bulky multiple-pyrene labels tested do no have severe effect on the stability 

of the molecular beacon.  

 

Figure 5-13. Melting temperature of multiple pyrene molecular beacons. Clockwise from 
top: MB1P1D, MB2P1D, MB3P1D, and MB4P1D. Buffer: 20mM Tris-HCl, 
50mM NaCl, 5 mM MgCl2, [MB]=100nM. Except for single pyrene 
molecular beacon, all the beacons were monitored at pyrene excimer emission 
at 485nm.  
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Figure 5-14, Hybridization of MB4P1D and MB4P1D to 5 fold excess of target DNA 

Hybridization rates of multiple-pyrene MBs were compared. As shown in Figure 5-

14, under the same condition, the half-time to open MB1P1D is about 76 seconds and for 

4P1D is about 71 seconds. This result suggests the multiple-pyrene labels do not affect 

much the binding kinetics of the MB to its target DNA. 

Conclusions 

We have designed and synthesized multiple-pyrene labeled molecular beacons for 

real-time detection of target nucleic acids in homogeneous solution. The multiple-pyrene 

MBs produce an intense excimer emission in the presence of cDNA and offer a high 

sensitivity and selectivity comparable to other fluorophore labeled DNA probes. Rare 

among organic fluorophores, the long lifetime (~40 ns) and Stokes shift (130 nm) of the 

pyrene excimer favor a time-resolved signaling approach which easily discriminates 

between the open and closed conformations of the beacons in complex biological fluids. 

Monitoring the excimer emission decay of the multiple pyrene MBs results in a sensitive 

time-resolved method for detecting and quantifying low concentrations of cDNA in cell 
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growth media without the need for sample pretreatment or washing steps. Furthermore, 

multiple-pyrene labeling provides a unique tunable intensity feature in which the excimer 

intensity is proportional to the number of pyrene monomer conjugated in the label. The 

inherently high emission intensities of these multiple-pyrene labels may be useful in 

enhancing the sensitivity of “off/on” switching fluorescent probes in both steady-state 

and time-resolved detection assays. The unique optical properties and versatility of the 

multiple-pyrene fluorophore offer new opportunities for highly sensitive FRET-based 

biomolecular probing. 
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CHAPTER 6 
SYNTHESIS AND INVESTIGATION OF LOCKED NUCLEIC ACID MOLECULAR 

BEACONS 

Introduction 

Genetic information analyses increased demand for advanced molecular 

recognition probes with high sensitivity, excellent specificity, and biostability. One such 

probe is the molecular beacon (MB) 13 which is a short hairpin oligonucleotide probe that 

binds to a specific oligonucleotide sequence and produces a fluorescence signal. With its 

inherent signal transduction mechanism, MBs are able to detect nucleic acid targets 

without separation or the addition of extra reagents. This property makes MBs especially 

useful for real-time detection of DNA and RNA, which is of great significance to the 

study of gene expression and at the single cell level.92 However, when used for 

intracellular analysis, MBs tend to generate false-positive signals due to nuclease 

degradation, protein binding,99;129 and thermodynamic fluctuations.27 For example, it has 

been reported that unmodified phosphodiester oligonucleotides may possess a half-life as 

short as 15-20 min in living cells.130 Constructed from DNA, MBs also have a finite 

lifespan inside of the cell,35 limiting the use of MBs in many biological studies. In 

addition to nuclease degradation, DNA-MBs are exposed to nucleic acid binding proteins 

in cells. The interaction of these nucleic acid binding proteins with MBs can disrupt the 

stem-loop structure and cause non-specific fluorescent signal.90 

To overcome the bioinstability problem, MBs have been synthesized with nuclease-

resistant backbone chemistries such as phosphorothioate131 and 2'-O-methyl RNA bases 
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132-136. More recently, various groups have considered neutral peptide nucleic acids 

(PNAs) as a scaffold for MBs.137-139  

Backbone modifications have both advantages and disadvantages. Those that retain 

the repeating charge continue to behave like natural nucleic acids in their hybridizing 

properties, overcoming certain disadvantages, such as the toxicity occasionally associated 

with phosphorothioate-containing oligonucleotides.140 To the extent that MBs 

incorporating such modifications resemble natural nucleic acids, however, they still may 

be opened by intracellular DNA- and RNA-binding proteins, many of which are believed 

to recognize a repeating backbone negative charge. This can lead to a signal in the 

absence of the analyte. MBs with 2'-O-methyl RNA bases, for example, possess a good 

nuclease resistance, higher affinity, increased specificity, and a superior ability to bind to 

structured targets compared to their DNA counterparts. However, 2'-O-methyl modified 

MBs open up non-specifically in cells, possibly due to protein binding.135;136  

Lacking repeating charges, PNAs are not degraded by nucleases and their 

hybridization products with RNA are thermally more stable compared with DNA-RNA 

and RNA-RNA duplexes. The neutral charged PNAs in a MB probe are not likely to be 

recognized and opened by endogenous RNA- or DNA-binding proteins. Xi et al139 

reported that using PNA-MBs instead of DNA-MBs for traditional fluorescent in situ 

hybridization probes would benefit cell detection under a wide range of environmental 

conditions. The neutral backbone, however, creates other undesirable properties. PNAs 

have a well documented propensity to self-aggregate141 and fold in a way that interferes 

with duplex formation. 142 Furthermore, PNAs change their physical properties 

substantially (and unpredictably) with small changes in sequence,143;144 although adding 
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charged appendages helps.145. Since the environmental conditions inside of a living cell 

can not be predicted or optimized for the solubility of PNA, intracellular applications of 

PNA are limited.  

Considering these facts, we reasoned that a scaffold that differs as much as possible 

in the geometric and steric properties from ribose, but retains the repeating charge, might 

be the most likely to retain the desirable solubility and rule-based molecular recognition 

features of natural DNA, while avoiding binding to intracellular DNA- and RNA-binding 

proteins.  

Locked nucleic acids (LNAs) 146-149 offer one possible implementation of such a 

rationale. LNA is a conformationally restricted nucleic acid analogue, in which the ribose 

ring is locked into a rigid C3'-endo (or Northern-type) conformation by a simple 2'-O, 4'-

C methylene bridge 149;150. LNA has many attractive properties,149;150 such as high binding 

affinity, excellent base mismatch discrimination capability, and decreased susceptibility 

to nuclease digestion. Duplexes involving LNA (hybridized to either DNA or RNA) 

display a large increase in Tm ranging from +3.0 to +9.6oC per LNA modification140 

compared to corresponding unmodified reference duplexes. Furthermore, LNA 

oligonucleotides can be synthesized using conventional phosphoramidite chemistry, 

allowing automated synthesis of both fully modified LNA and chimeric oligonucleotides 

such as LNA/DNA and LNA/RNA. Other advantages of LNA include its close structural 

resemblance to native nucleic acids, which leads to very good solubility in physiological 

conditions and easy handling. In addition, owing to its charged phosphate backbone, 

LNA is non-toxic and can be delivered into cells using standard protocols that employ 
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cationic lipids.151 All these properties are highly advantageous for a molecular tool for 

diagnostic applications.  

In this chapter, the possibility of alleviating enzymatic digestion and protein 

binding by using locked nucleic acid (LNA) bases in the molecular probe design is  

investigated.152;153 LNA-MBs were designed with different stem lengths and LNA base 

ratios and their thermodynamic properties, hybridization kinetics, enzymatic resistance, 

as well as interactions with DNA binding proteins were studied.  

Materials and Methods 

Chemicals and Reagents 

Oligonucleotides and MBs prepared are listed in Table 6-1. DNA and LNA 

synthesis reagents were purchased from Glen Research (Sterling,VA). Deoxynuclease I, 

Ribonuclease H, and Single Stranded Binding Protein were bought from Fisher.  

Instruments 

An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was 

used for target DNA synthesis and LNA-MB probe preparation. Probe purification was 

performed with a ProStar HPLC (Varian, Walnut Creek, CA) where a C18 column 

(Econosil, 5U, 250×4.6 mm) from Alltech (Deerfield, IL) was used. UV-Vis 

measurements were performed with a Cary Bio-300 UV spectrometer (Varian, Walnut 

Creek, CA) for probe quantitation. Fluorescence measurements were performed on a 

Fluorolog-Tau-3 spectrofluorometer (Jobin Yvon, Inc., Edison, NJ). 

Molecular Beacon Synthesis 

 Molecular beacons possessing locked nucleic acid bases were synthesized on an 

Applied Biosystem 3400 DNA/RNA synthesizer by using Locked Nucleic Acid 

phorsphoramidites.  The controlled pore glass columns used for these syntheses 
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introduced a DABCYL molecule at the 3' end of the oligonucleotides. FAM or Cy3 

phorsphoramidite was used to couple respective fluorophore to the 5' ends of the 

sequence. The complete MB sequences were then deprotected in concentrated ammonia 

overnight at 65°C and purified by high-pressure liquid chromatography. The collection 

from the first HPLC separation was then vacuum dried, incubated in 200 µl 80% acetic 

acid for 15 min, incubated with 200 µl of ethanol and vacuum dried again before the 

second round of HPLC. HPLC was performed on a ProStar HPLC Station (Varian, 

Walnut Creek, CA) equipped with a fluorescent and a photodiode array detector.  

Hybridization Study 

 Hybridization experiments were conducted with 100 nM of MBs, 500 nM 

complimentary target sequences in a total volume of 200 µL. All experiments were 

conducted in 20 mM of Tris-HCl (pH 7.5) buffer containing 5 mM of MgCl2 and 50 mM 

of NaCl.  

DNase I Sensitivity 

To test the nuclease sensitivity of MBs the fluorescence of a 200 µl solution 

containing 20 mM of Tris-HCl (pH 7.5), 5 mM of MgCl2, 50 mM of NaCl and 100 nM of 

MBs was measured as a function of time at room temperature. One unit of DNase I was 

added, and the subsequent change in fluorescence was recorded.  

RNase H sensitivity 

 To test the susceptibility of MB-RNA hybrids to ribonuclease H digestion, 100 nM 

of MBs were incubated with the same concentration of RNA target in the aforementioned 

buffer. The fluorescence intensity of the solution was monitored. After the hybridization 

reached equilibrium, 12 units of ribonuclease H were added, and the subsequent change 

in fluorescence was recorded as a function of time. 
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Thermal Stability Studies 

 The thermal stabilities of the MB samples were determined with a BioRad RT-

PCR thermal cycler. The fluorescence intensity of 100 µl of MBs (100 nM) in 20 mM of 

Tris-HCl (pH 7.5) buffer containing 5 mM of MgCl2, 50 mM of NaCl was monitored as a 

function of temperature. The temperature was brought to 10°C and increased at 3°C 

increments to 95°C, with each step lasting for 2 minutes and fluorescence monitored 

during each step. The melting temperatures (Tm values) were obtained as the maxima of 

the first derivative of the melting curves.  

Protein Binding Studies 

 Gel electrophoresis was performed to study the interaction between single stranded 

binding protein (SSB) and MBs. In 20 mM of Tris-HCl buffer (pH 7.5, 5 mM of MgCl2, 

50 mM of NaCl), 5 µM MB was incubated with the same concentration of SSB. After 

one hour, the solution was analyzed in a 3% agarose gel in TBE buffer (100 V) for 50 

minutes. The gel was then stained with Gel-code blue stain solution (Pierce) for one hour 

and washed with de-ionized water for 30 minutes. The image of the resulting gel was 

obtained by scanning on a regular scanner. 

Results and Discussion 

Investigating MBs with All Bases Constructed from LNA 

The aim of improving nucleic acid hybridization has driven researchers to design 

and synthesize a variety of nucleic acid analogues in the past decade. Among these, LNA 

is the most notable analogue that displays increased helical thermostability, 

unprecedented hybridization target affinity, unambiguous scoring of single-nucleotide 

polymorphisms and decreased susceptibility to nucleases.149;154 As shown in Figure 6-1, 

LNA contains one or more LNA nucleotide monomers with a bicyclic furanose unit 
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locked in a RNA mimicking sugar conformation (Figure 6-1). The methylene bridge 

connecting the 2'-oxygen of the ribose and the 4'-carbon endows LNA with many 

attractive properties,149;154 such as high binding affinity, excellent base mismatch 

discrimination capability, and decreased susceptibility to nuclease digestion. We 

reasoned that LNA could be the best NA base in making MB for intracellular monitoring. 

Advantages of LNA include its very good solubility in water, easy handling, lack of 

toxicity and convenient delivery into cells using standard protocols. All these properties 

are highly advantageous for a MB for RNA dynamics analysis in the cell.  
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Figure 6-1. Structure of LNA and an LNA-MB 

To investigate the feasibility of using LNA for MB modification, a fully modified 

LNA-MB, and an MB with DNA monomers (DNA-MB) were prepared.153  Both 

molecular beacons were synthesized with a 19mer loop and 6mer stem where Cy3 was 

the 5'-end reporter and DABCYL was the 3'-end quencher (Cy3-CCT AGC TCT AAA 
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TCA CTA TGG TCG CGC TAG G-DABCYL). Because of its pH insensitivity, Cy3 was 

chosen with an aim to study the intracellular behavior of the LNA-MB. The structure of 

the MB is shown in Figure 6-1. 

Tm measurements were conducted to study the thermostability of both LNA-MB 

and DNA-MB. Interestingly, the LNA-MB did not open even at 95°C, as indicated by the 

constant low fluorescence; while the DNA-MB lost its hairpin conformation at 

temperatures around 57°C (Figure 6-2 ). This observation can be attributed to a tighter 

binding of the LNA•LNA homoduplex in the stem. To confirm that the lack of signal was 

not because the reporter dye was not attached to the stem, the quencher covalently linked 

to the reporter, or cross-linking of LNA-MB stem, we further added the target to the 

solution. Figure 6-2 shows the hybridization of LNA-MB to target sequences at 95oC. 

LNA-MB not only functioned well under room temperature, but also hybridized with the 

target at 95oC, implying its exceptionally strong affinity for the target. Such tight binding 

make LNA-MB a more efficient molecular probe for intracellular mRNA monitoring as it 

could bind highly to structured mRNA sequences more effectively.  
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Figure 6-2. Melting curves for DNA and LNA MBs(left) and hybridization of LNA-MB 
with complementary target at 95°C(right).  
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The ability of the LNA-MB to distinguish between perfectly matched complements 

from complements containing one mismatched was observed. The short and long arrows 

in Figure 2 display the response differences of DNA and LNA MBs, respectively, to 

perfectly matched and single-base mismatched target sequences. LNA-MB shows an 

enhanced discriminatory power during the entire monitoring cycle, outperforming the 

DNA-MB in terms of selectivity. Since our purpose was to compare the selectivity of 

both beacons, the experiment was not carried out under optimized stringent conditions to 

achieve the best SNP performance. By carefully optimizing the assay conditions, and 

fine-tuning the stem and loop lengths, better SNP selectivity can be achieved. This degree 

of molecular specificity should be valuable in a variety of biological and biotechnological 

applications, such as real-time PCR monitoring, hybridization-based genotyping, and 

living cell mRNA monitoring. 
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Figure 6-3. Normalized hybridization kinetics of DNA and LNA MBs with perfectly 

matched (PM) or single base mismatched (MM) targets. Final concentration 
ratio of MB:target =1:1. Hybridization buffer: 40 mM Tris, 50 mM NaCl. 
Pink: hybridization of DNA-MB with perfectly matched target. Green: 
hybridization of DNA-MB with single base mismatched target. Red: 
hybridization of LNA-MB with perfectly matched target. Blue: hybridization 
of LNA-MB with single base mismatched target. 
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In performing intracellular imaging and quantitation of gene expression, 

degradation of unmodified MBs by endogenous nucleases and NA binding proteins can 

significantly limit the detection sensitivity and result in fluorescence signals unrelated to 

probe/target hybridization. Our results (Figure 6-4) show that the DNA-MB was 

degraded rapidly with the addition of DNAase I , while the LNA-MB was not degraded 

under identical conditions, even after incubation for 24h. This remarkable stability will 

extend the use of MB in monitoring gene expression for long time. Another striking 

property of the LNA-MB comes from its resistance to nonspecific protein binding. 

Normal DNA-MBs are subject to nonspecific binding with proteins such as the 

ubiquitous SSB. Such binding causes a MB to open up and gives false positive signals, as 

shown in Figure 6-4. Interestingly, the LNA-MB had no response to the addition of 

excess SSB. Although nuclease-resistant MBs can be synthesized, this is the first report 

that LNA-MB has no binding with SSB which makes it well suited to monitor mRNA in 

the living cells since the native biological environment abounds with these proteins. 
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Figure 6-4. Response of MBs to nuclease and single stranded binding protein (SSB). 
[MB] = 100 nM, DNAase I: 2 U, [SSB] = 500 nM. Hybridization buffer: 40 
mM Tris, 50 mM NaCl and 5 mM MgCl2. 



132 

 

In summary, in vitro experiments show that the LNA-MB not only exhibits 

excellent thermal stability and single base discrimination capability, but also resists 

nuclease digestion and binding of single stranded DNA binding proteins. All of these 

properties are ideal for intracellular applications and studies. Unfortunately, the 

hybridization kinetics of this LNA-MB are relatively slow as shown in the following 

section.  

Hybridization Kinetics of LNA-MBs 

Compared to DNA-MBs, LNA-MBs hybridize slowly with complementary target 

DNA or RNA sequences. Figure 6-5 shows the hybridization of a DNA-MB and the fully 

modified LNA-MB to its target. The fluorescence signal of DNA-MB reaches 

equilibrium within minutes, however, the fluorescence intensity of the fully modified 

LNA-MB increases slowly over time, indicating its slow hybridization kinetics. The 

reaction does not reach equilibrium even after 20 hours under the same conditions. The 

slow hybridization kinetics would compromise temporal resolution when obtaining the 

dynamic information of RNA in living cells. In order to make use of the advantages of 

LNA-MBs for intracellular analysis, it is necessary to expedite LNA-MB hybridization 

kinetics. It is believed that several factors could lead to the slow hybridization kinetics. 

First of all, hybridization of MBs with target sequences competes with stem 

dehybridization. The strong binding affinity of the LNA bases in the stem is unfavorable 

for stem dehybridization. It has been reported that replacing DNA with LNA bases in one 

of the oligonucleotide sequences in an octamer duplex had no evident effect on the 

association rate 155 but significantly decreased the dissociation rate of the octamer 

sequence from its complementary sequence. The dissociation rate droped as much as 2-

fold for a single base replacement and 5-fold for two base replacements. More than 30-
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fold decrease in dissociation rate was observed after replacing three DNA/DNA base 

pairs with LNA/DNA base pairs.155 Therefore, inserting several LNA bases in a MB stem 

thus greatly enhances the energy barrier of opening the LNA-MB stem and significantly 

slows down its hybridization kinetics. 
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 Figure 6-5. Hybridization of DNA-MB and LNA-MB to loop cDNA. (1:10 Ratio) 

Secondly, because of the excellent binding affinity of LNA, hybridized MB 

sequences are more likely to form sticky-end pairs.156 DNA sticky-end pairing (SEP) 

plays an important role in cellular processes and has been well used in various 

biotechnological applications. For MBs, SEP is defined by the intermolecular interaction 

between the stems of two or more MBs when loop target DNA is present. Two 

complementary sticky ends from two MB/target hybrids can pair to form a short double 

helix, leading to the association of two hybrids at one end. These two MB hybrids can 

form a closed structure, ([MB]2), by pairing the other two sticky ends or polymerize into 
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a multi-molecular structure, [MB]n (n>3), by pairing with more hybrids. With sticky-end 

pairing, the fluorophore and quencher are brought together again (but from different 

sequences), causing the quenching of the fluorescence. Any parameters that stabilize the 

short double helix of the sticky-end pairs will lead to a more severe loss of the 

fluorescence intensity.  For example, the higher the Mg2+ ion in the solution, the more 

signal is lost.156 The direct result of SEP is the quenching of the fluorophore in opened 

MBs. Therefore, when the opening of MB via target hybridization is immediately 

followed by sticky-end pairing, only slow signal intensity increase is observed.  

In summary, slow stem dehybridization rate and tendency to form sticky-end pairs 

are two critically important factors for the slow apparent hybridization kinetics of the 

MBs made of LNA bases. 

Considering the two factors discussed above, we believe that the hybridization 

kinetics of LNA-MBs could be improved by preventing sticky-end paring, or by reducing 

the LNA percentage in MB sequences, especially in the stem, to lower reaction energy 

barrier and speed up the opening rate of MB hair-pin structure. A series of DNA/LNA 

chimeric MBs were prepared as listed in Table 6-1. MB-DNA is a probe constructed 

solely from DNA bases. The MB-LNA probes were prepared by gradually replacing 

every base, every other base, every second base, every third base, every fourth base, and 

every fifth base of the MB-DNA with LNA bases to produce MB-LNA-E0, MB-LNA-

E1, MB-LNA-E2, MB-LNA-E3, MB-LNA-E4, and MB-LNA-E5 respectively, as shown 

in Table 6-1. A 5-mer stem MB, designated by MB-LNA-5SE1, with DNA/LNA 

alternating bases was also prepared. 
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Table 6-1 Molecular beacons and oligonucleotides prepared in this study.  
MB Name Sequence Tm(oC)
LNA-MB 5'-Cy3-CCTAGCTCTAAATCACTATGGTCGCGCTAGG-DABCYL3' >95 
DNA-MB 5'-Cy3-CCTAGCTCTAAATCACTATGGTCGCGCTAGG-DABCYL3' 57 
MB-LNA-E0 5'-CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' >95 
MB-LNA-E1 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' >85 
MB-LNA-E2 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' 83 
MB-LNA-E3 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' 83 
MB-LNA-E4 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' 84 
MB-LNA-E5 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' 76 
MB-LNA-5SE1 5'- CTAGCTCTAAATCACTATGGTCGCGCTAG-3' 67 
MB-DNA 5'- CCTAGCTCTAAATCACTATGGTCGCGCTAGG-3' 57 
Loop cDNA GCG ACC ATA GTG ATT TAG A  
Shared-Stem cDNA CCT AGC GCG ACC ATA GTG ATT TAG A  

• Red letters represent LNA bases. Underlined letters are bases for MB stem. 
Except otherwise indicates, all MBs are labeled with DABCYL at 3’ ends and 
FAM at 5’ ends. 

 
Thermodynamics of LNA-MBs 

 The Tm of a MB changes as a function of LNA percentage in the strand. As shown 

in Table 6-1, Tm of the MBs with different compositions varies with the percentage of 

LNA in the probe. It was shown that an introduction of LNA bases raised the Tm of the 

oligonucleotide and its complementary DNA or RNA by as much as 9.6 °C per LNA 

modification.140 The incorporation of LNA bases in an MB sequence stabilizes the stem 

duplex of the probe. When one DNA/DNA base pair was replaced by one LNA/LNA pair 

in the stem, as in MB-LNA-E5, the Tm increased as high as 20 °C. The Tm increased about 

27 °C when the number of LNA/LNA base pair increased to two (as in MB-LNA-E2, 

MB-LNA-E4).  

The melting temperature change was found to be weakly dependent on the nature 

of base pairs. For example, Tm of MB-LNA-E4 was about 1 °C higher than that of MB-
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LNA-E2. The main difference in the stem sequence between these two sequences was 

that the former has two G:C LNA pairs while the latter contains one G:C and one A:T 

LNA pairs. 

Insertion of three LNA:DNA pairs in the MB stem had similar effects on the 

stability of MB stem as two LNA:LNA pairs did, as indicated by the Tm of MB-LNA-E4 

and MB-LNA-E3. No fluorescence signal change was observed for LNA-MB-E0 when 

the temperature was increased, suggesting an extremely high Tm of the probe. With a 5-

mer stem, MB-LNA-5SE1 has Tm of 67 °C, which was more than 28 °C lower than that 

of a 6-mer stem molecular beacon MB-LNA-E1. 

Elimination of Sticky-end Pairing in LNA-MB Hybridization 

Hybridization of the MBs with a target DNA sequence complementary to the MB 

loop sequence was investigated. A slow increase of fluorescence signal was observed 

when target DNA was introduced into the LNA-MB-E0 solution. Lowering the 

percentage of LNA in the probe sequences significantly improved the initial 

hybridization rate. For LNA-MB-E2, E3 and E4, interesting fluorescence traces were 

observed. The fluorescence of the solution initially had a sharp increase and then 

suddenly began to decay (Figure 6-6, blue trace). Similar traces were observed for DNA-

MBs at higher Mg2+ in previous studies, which was attributed to sticky-end pairing (SEP) 

of MBs in the presence of target.156  
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Figure 6-6. Hybridization of MB-LNA-E3 to loop cDNA and shared-stem cDNA 

Incorporation of LNA bases into MBs significantly enhances the affinity of the 

stem, as indicated by the elevated melting temperature of the LNA-MBs (Table 6-1). 

Consequently, intermolecular complexation of LNA-MBs was evident for LNA-MB-E2, 

LNA-MB-E3, and LNA-MB-E4. The traces of LNA-MB-E1 and LNA-MB-E0 are 

somewhat different, with no clear drop in fluorescence after the initial signal increase 

(Figure 6-5, red trace). These two beacon sequences were much slower to open because 

of more LNAs in the stem, and they had higher tendency to form sticky-end pairs. Thus, 

formation of sticky-end pairs might take place at the earlier hybridization state, resulting 

in slower signal increment.  

Several strategies could be exploited to prevent the formation of sticky-end pairing. 

For example, lowering Mg2+ concentration is proven to be an effective way to prevent 

sticky-end pairing for DNA-MBs.156 However, this approach is not practical for 

intracellular  applications. Another approach is to use a target complementary to the loop 

plus one of the stem sequences. The hybridization of the so-called shared-stem targets to 
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MBs results in a MB/target hybrid with only one sticky end, making SEP impossible. 

Figure 6-6 shows the hybridization of a shared-stem target to LNA-MB-E3 (red trace). 

Faster hybridization kinetics and greater signal enhancement were observed. Clearly, the 

process of forming SEP results in a very slow apparent hybridization rate, lowering the 

overall signal response. Conversely, use of shared-stem target effectively blocks SEP, 

resulting in faster hybridization kinetics and greater signal enhancements. 

The formation of sticky-end pairs was further confirmed by studying the thermal 

denaturation profiles of MBs in equilibrium with their targets. The fluorescence of the 

solutions of LNA-MB-E3 incubated with no target, loop target, and shared-stem target 

were monitored at different temperatures. The results (Figure 6-7A, blue trace) 

demonstrate that at lower temperatures the MBs are in a closed state, the fluorophore and 

the quencher are held in close proximity to each other by the hairpin stem, and the MBs 

do not fluoresce. However, at high temperatures the helical order of the stem gives way 

to a random-coil configuration, separating the fluorophore from the quencher, and 

thereby restoring fluorescence (Figure 6-7B1). This transition occurred at 84°C. This 

experiment was repeated in the presence of a 5-fold excess of single-stranded loop targets 

that were perfectly complementary to the loop sequence in the MB. The results (Fig. 6-

7A, green trace) shows that the resulting fluorescence is weak at low temperatures, but 

increases significantly as the temperature is slowly raised. The signal peaks at around 50 

°C and then diminishes significantly, followed by an increase in fluorescence at higher 

temperatures. Figure 6-7B2 summarizes the phase transitions occurred. At low 

temperatures, MBs hybridize spontaneously to the target sequences that are 

complementary to the loop sequences. The formation of MB/target hybrids exposes the 



139 

 

sticky ends of MBs, leading to the formation of [MB]n complexes through the sticky-end 

pairing process. Because the sticky-end pairs are relatively weaker than the probe-target 

helix and the hairpin stem, the [MB]n complexes will be disrupted and separated into 

individual MB/target duplexes as the temperature increases. Consequently, the 

fluorophores are unquenched and the fluorescence intensity increases accordingly. 

Continuing to raise the solution temperature destabilizes probe–target duplexes, thus the 

MBs are released.  The free MBs return to their closed conformation and the fluorescence 

decreases. As the temperature is raised further, the closed MBs melt into random 

coils(Figure 6-7B2), restoring their fluorescence. This transition occurred at the same 

temperature (84°C) as the transition seen when the MB were incubated in the absence of 

targets. This experiment was also repeated in the presence of a 5-fold excess of shared-

stem DNA targets that were complementary to the loop plus one of the arm sequences. 

Different changes in fluorescence were observed as the temperature was raised (Figure 6-

7A, red trace). The results show that the MBs fluoresce brightly at low temperatures, but 

as the temperature is slowly raised, fluorescence diminishes significantly, followed by an 

increase in fluorescence at the highest temperatures. Figure 6-7B3 summarizes the phase 

transitions that occured. The difference between B2 and B3 is the formation of the [MB]n 

complexes as in the case of using loop target sequences. Clearly, the SEP process 

decreases the overall signal change even when the target sequences are in excess and 

result in low signal enhancement even when most MBs are in opened state. The use of 

shared-stem target sequences effectively blocks SEP formation, leading to a higher signal 

enhancement and significant faster apparent hybridization kinetics.  
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Figure 6-7.  Blocking LNA-MB sticky-end pairing with share-stem targets. (A) Thermal 
denaturation profiles of solution containing LNA-MB-E3 in the absence of 
target (blue), in the presence of 5-fold excess of loop complementary DNA 
targets (green), and in the presence of 5-fold excess of shared-stem 
complementary DNA targets (red). (B) Schematic representation of the phases 
for the MB solutions in the absence of target DNA (B1), in the presence of 
loop cDNA (B2), and in the presence of shared-stem cDNA(B3).  
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Modified LNA-MBs Show Faster Hybridization Kinetics 

The modified LNA-MBs show much faster hybridization kinetics than the MB 

made of all LNA bases. The hybridizations of LNA-MBs with shared-stem targets were 

monitored. It was found that the less the LNA bases one beacon sequence has, the faster 

the hybridization rate is. Figure 6-8 compares the response of the DNA-MB, LNA-MB-

E0, LNA-MB-E1, and LNA-MB-E3 to the addition of target sequences. With less DNA 

bases being replaced by LNA bases (LNA-MB-E3), the hybridization rates of MBs are 

significantly increased. Although the hybridization kinetics of DNA-MB still overrides 

those of LNA-MBs, within 15 minutes, the fluorescence signal enhancement ratio for 

LNA-MB-E1 is about 12, which meets the need for intracellular gene monitoring. 
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Figure 6-8. Hybridization of DNA-MB and LNA-MBs to shared-stem target sequences.  
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Minimal Binding of Single Stranded Binding Protein with LNA-MB 

Normal MBs are subject to nonspecific binding of proteins, such as the ubiquitous 

single-stranded binding protein (SSB). Such binding causes normal DNA-MBs to give 

false positive signal due to stem-loop structure instability. In addition, protein binding 

lowers the accessibility of MBs for hybridization to their target sequences. A nucleic acid 

probe immune to SSB binding will perform its analysis with higher accuracy and better 

targeting efficiency inside the cell, where such proteins are highly abundant.  

Earlier, we showed that MBs with fully modified LNA bases had no response to the 

addition of excess SSB. For DNA/LNA chimeric MBs, new experiments need to be 

performed in order to see the effect of DNA/LNA ratio on SSB binding. Fluorescence 

measurements and gel electrophoresis experiments were carried out to study the binding 

of SSB to LNA-MBs. Agarose gel (3%) was used to visualize the SSB/MB complex. Due 

to the high molecular weight of SSB (74 kD), SSB migrates slowly in the gel. The 

binding of the MB to SSB would significantly expedite the migration rate of the protein 

because of the multiple negative charges of nucleic acids. As shown in Figure 6-9, only 

one band was observed for a sample containing only SSB. The SSB barely migrated in 

the gel under the experimental conditions. When the DNA-MB was added to the SSB 

solution, an extra protein band with faster migrating rate appeared while the intensity of 

the first band decreased. This clearly indicates the binding of SSB to DNA-MB. The 

SSB/MB complex band was observed for LNA-MB-E5, LNA-MB-E4, LNA-MB-E3, and 

LNA-MB-E2. No visible SSB/MB band was seen for LNA-MB-E1 and LAN-MB-E0.  

The binding of SSB to MBs was further confirmed by fluorescence measurements. The 

disruption of MB secondary structure due to SSB binding displaces the fluorophore from 

the proximity of the quencher molecule, resulting in increase of fluorescence. All the MB 
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sequences except for LNA-MB-E1 and LNA-MB-E0 had higher fluorescence intensity 

when excess SSB was added. For example, an approximate about four-fold increase in 

fluorescence signal was observed for LNA-MB-E3. Unfortunately, the signal 

enhancement is also affected by the purity of MBs; a small fraction of impurity could 

result in a different background signal and consequently different signal enhancement. 

Thus, the binding affinity could not be directly evaluated with the fluorescence intensity 

change. Further measurements of the signal change at different concentrations of an 

individual MB need to be performed in order to measure the Kd of the corresponding 

probe to SSB. Nonetheless, the fluorescence measurements are consistent with the gel 

imaging results. Results from both assays suggested no binding of SSB to MBs with all 

LNA or alternating DNA/LNA bases.  

 

 

Figure 6-9. Interactions between MBs and SSBs. (A) Gel electrophoresis of SSB 
solutions containing no MB (lane 1), DNAMB (lane 2), LNA-MB-E5 (lane 3), 
LNA-MB-E4 (lane 4), LNA-MB-E3 (lane 5), LNA-MB-E2 (lane 6), LNA-
MB-E1 (lane 7), and LNA-MB-E0 (lane 8). (B). Signal enhancement of MBs 
to the addition of the same concentration of SSB.  
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Effect of LNA on Ribonuclease H Activity 

We have further studied the LNA-MB in the LNA effect on ribonuclease H 

activity. Ideal probes for targets in living cells should be stable inside the cell, should not 

induce the destruction or perturbation of their target, and should signal only at the 

presence of their target.31 MBs constructed from natural deoxyribonucleotides are not 

suitable for the purpose of intracellular analysis because cellular nucleases can degrade 

them and cellular ribonuclease H can digest the target mRNA in the region where the 

probe is bound.  

RNase H (Ribonuclease H) is an endoribonuclease that specifically hydrolyzes the 

phosphodiester bonds of RNA when it is hybridized to DNA. This enzyme does not 

digest single or double-stranded RNA. RNase H is found in both the nucleus and the 

cytoplasm of all cells and its normal function is to remove RNA primers from Okazaki 

fragments during DNA replication. Antisense RNase H activation has proved not only a 

powerful weapon in assessing gene function an emerging method of choice for antisense 

therapeutics as well. While favored in antisense technology, RNase H activation is not 

favored in RNA monitoring. The action of RNase H on MB:RNA duplexes will lead to 

destruction of the target RNA and loss of signal due to reformation of MB hair-pin 

structure (Figure 6-10 left). Such cycle of hybridization, enzyme recognition, cleavage, 

and release of MB will repeat until all RNA is destroyed. As a result, no fluorescent 

signal can be observed even though there are plenty of RNA targets initially present. 

Use of MBs allowed for real-time monitoring of RNase H activity. Figure 6-10 

right shows the response of a DNA-MB to the sequential addition of target RNA, RNase 

H, and target DNA, respectively.  The probe lit up with the introduction of target RNA in 

the solution. After reaching hybridization equilibrium, RNase H was added. An 
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immediate decrease of the fluorescence signal from the probe was observed, which 

indicates the degradation of RNA on the MB:RNA duplex through enzyme cleavage and 

the reformation of MB hair-pin structure. After enzyme digestion, the DNA-MB 

remained intact, as evidenced by its response to the addition of DNA target sequences. 

Thus, the MB will act as a catalyst inside the cell to destroy all target RNA sequences 

through RNase H degradation.  

Figure 6-10. Degradation of mRNA by RNase H.  (Left)The hybridization of DNA-MB 
to its target mRNA forms MB/mRNA duplex, initiating RNase H action. The 
enzymatic cleavage breaks RNA in the duplex into pieces, releasing MB to 
restore to hair-pin structure and participate in next cycle of hybridization and 
cleavage until all mRNA sequences are cleaved.  (Right)The response of 100 
nM of DNA-MB to sequential addition of 100 nM of RNA targets, 12 units of 
RNase H and 100 nM of DNA targets. 

The series of LNA/DNA chimeric MBs enable the systematic study of the effect of 

LNA on the RNase H activity using fluorescence measurements. Insertion of LNA bases 

in every fifth base of DNA MB sequence slows down the degradation of RNA in the 

probe:target duplex as compared to the case in DNA-MB. Interestingly, the MB signal 

was not restored to its original level even after adding the same amount of target DNA. 
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When the DNA gap between LNA bases in a MB was shortened, the activity of RNase 

was further inhibited. For example, no significant signal decrease was observed when the 

enzyme was added to the duplex of RNA with LAN-MB-E3, LNA-MB-E2, LNA-MB-

E1, and LNA-MB-E0. Ion exchange of a solution containing LNA-MB-E3, RNA, and 

RNase H further confirms the protection of RNA after overnight incubation. RNA 

remained intact and there were no small pieces of RNA cleavage fragements observed in 

HPLC (Figure 6-11). In contrast, for the mixture of DNA-MB, RNA and RNAse H 

sample, no RNA peak was observed, while different lengths of RNA pieces for the 

mixture of DNA was seen (Figure 6-11). The results from both fluorescence 

measurement and IE-HPLC analysis suggested that the number of DNA bases in a stretch 

for an LNA-MB should be less than 3 in order to prevent significant cleavage of the 

target RNA.  

 
Figure 6-11. Ion exchange HPLC to monitor the RNase H cleavage of RNA in LNA-MB-

E3/RNA duplex (left) and in DNA-MB/RNA (right).  
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Conclusions 

Ultrastable, sensitive, and selective molecular probes are of great interest and 

significance for deciphering life processes inside living cells. LNA has shown its 

interesting properties in nucleic acid base recognition, such as higher affinity, greater 

selectivity, and better stability than its DNA counterpart. To take full advantage of LNA 

based MBs for intracellular applications and to gain a better understanding of LNA’s 

effect on the behavior of MBs, we have synthesized and investigated a series of 

LNA/DNA chimeric MBs. These series of MBs allow us to systematically study the 

effect of the LNA/DNA ratio in molecular probes for their thermal stability, hybridization 

kinetics, protein binding affinity, and nuclease resistance.  

The number of LNA bases in a MB stem sequence has a significant effect on the 

stability of the hair-pin structure. The MB melting temperature was elevated by as high as 

20 °C by simply replacing one DNA pair to an LNA/LNA pair. A MB with 6-mer LNA 

stem has a melting temperature higher than 95°C. The melting temperature of MBs was 

found to decrease with lower numbers of LNA bases in the stem.  

The hybridization rate of LNA-MBs could be significantly improved by lowering 

the LNA/DNA ratio in the probe. The lower the percentage of LNA bases in a MB, the 

faster the hybridization kinetics. However, the most important factor for improving the 

kinetics is to have a shared-stem cDNA design for the LNA-MB to prevent sticky-end 

pairing. The designed LNA-MBs can recognize the part of the target nucleic acids which 

is complementary not only to the loop section of the MB, but also to one of the stem 

sequences. The LNA-MB prepared with this strategy showed higher signal 

enhancements. 
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The binding of LNA-MBs to SSB was also studied. It was found that only MB 

sequences with DNA/LNA alternating bases and all LNA bases are able to resist SSB 

binding. Further detailed studies need to be conducted on how the LNA modification 

changes the affinity of SSB binding to nucleic acids. Finally, LNA-MBs with different 

numbers of DNA bases between two LNA bases enable a systematic study on the effect 

of LNA modification on the activity of RNase H function. Our results indicate that a 

sequence consisting of a DNA stretch less than 3 bases between two LNA bases are able 

to block RNase H function. These findings have great implications on the design of LNA 

molecular probes for intracellular diagnosis, therapeutic, and basic biological studies.  
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CHAPTER 7 
HYBRID MOLECULAR PROBE FOR REAL-TIME NUCLEIC ACID ANALYSIS IN 

BIOLOGICAL SAMPLES 

Introduction 

Full deciphering of life processes demands the study of  biochemical events within 

living cells.1 Although current RNA analysis techniques, including in situ hybridization, 

northern analysis, RT-PCR, as well as microarray technology have become powerful and 

indispensable tools in gene expression studies, they reveal little dynamic information 

about RNA synthesis, transportation and localization in living cells. To elucidate these 

important molecular events, RNA has to be observed in real-time and in its native 

environment. GFP fused RNA binding proteins157 have been successfully used for 

intracellular RNA tagging, but they require reconstruction of transcription. The nucleic 

acid staining approach158 is simple but lacks specificity. Ideally, a RNA tagging 

molecular probe should be able to bind target RNA selectively and generate a 

distinguishable signal with high sensitivity. MBs (MBs)13 are promising in living cell 

nucleic acid monitoring. A hairpin structure probe, MB is a dual-labeled oligonucleotide 

that only fluoresces in the presence of target sequences. The property of detection-

without-separation makes MBs ideal probes for living cell monitoring. Several attempts 

have been reported using MBs to monitor RNA in living cells with various degrees of 

success.29;33;35;159 However, when used in living cells, MBs generate false positive 

signals27 due to nuclease degradation, protein binding99 or thermodynamic fluctuations. 

False negative signal also exists as a result of sticky-end pairing between hybridized 
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MBs.160  Similar to MBs, Quenched Auto-Ligation (QUAL) probes161;162 were designed 

to be highly sequence specific for nucleic acids and only fluoresce upon target binding. 

Unfortunately, QUAL probes suffer low temporal resolution due to the slow chemical 

reactions involved and false signals resulted from hydrolysis of the quencher.  

In this chapter, we will present a new design of molecular probe, called hybrid 

molecular probe,163 for nucleic acid monitoring with high sensitivity and fast kinetics and 

without the false signals caused by the interactions with complex solutions like those in 

cell cytoplasm.  

Experimental Section 

All DNA synthesis reagents were from Glen Research (Sterling, VA). All probes 

and DNAs were synthesized with an ABI3400 DNA/RNA synthesizer (Applied 

Biosystems, Foster City, CA). FAM CPG and Cy5 phosphoramidite were used for FAM 

and Cy5 labeling respectively. C18 Spacer phosphoramidite was used for the introduction 

of PEG. Ultra-mild deprotection phosphoramidites were used for probe synthesis, which 

allowed the probe to be deprotected by overnight incubation in 0.05M K2CO3/methanol. 

Ultra-mild deprotection avoids degradation of Cy5 by ammonia in the regular 

deprotection process. The solutions resulting from deprotection were precipitated in 

ethanol and the precipitates were then dissolved in 0.5ml of 0.1 M triethylammonium 

acetate (pH7.0) for further purification with high-pressure liquid chromatography. The 

HPLC was performed on a ProStar HPLC Station (Varian, CA) equipped with a 

fluorescent and a photodiodearray detector. A C-18 reverse phase column (Alltech, C18, 

5U, 250x4.6mm) was used. 
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Table 7-1. Sequences of HMP probes and MB MBTBL and their targets. 
Name Sequence 
HMPTBL Cy5-CTC ATT TTG CTG ATG ACG-(PEG)n-CTG TCT GGG TAC 

TCC TCC-FAM 
Biotinylated 
HMP  

Cy5-CTC ATT TTG CTG ATG ACG-(PEG)8-Biotin2-(PEG)8-CTG 
TCT GGG TAC TCC TCC-FAM 

MBTBL FAM-CGC ACC TCC TCC CTC TTT TTG CTG GGT GCG-
DABCYL 

Target AT GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA CAG 
Target AA GCT CAT CAG CAA AAA GAG GGA GGA GTA CCC AGA CAG 
Target AG GCT CAT CAG CAA AAG GAG GGA GGA GTA CCC AGA CAG 
Target AC GCT CAT CAG CAA AAC GAG GGA GGA GTA CCC AGA CAG 
Random  Seq TCT GTG TAA TCA ACT GGG AGA ATG TAA CTG ACT AGC 

 

Results and Discussions 

Design of Hybrid Molecular Probes.  

To meet the demand for sensitive and selective monitoring of RNA inside cells and 

overcome limitations of existing molecular probes, we have developed a new type of 

nucleic acid probe, called hybrid molecular probes (HMP). The probe consists of two 

single-stranded DNA sequences tethered to two ends of a polyethylene glycol (PEG) 

polymer chain (Figure 7-1). The two single-stranded DNA sequences, typically 12 to 20 

bases in length, are complementary to adjacent areas of a target sequence in such a way 

that hybridization of the probe with the target brings the 5' and 3′ ends of the probe in 

close proximity. Depending on the functional moieties labeled on the ends of the probe, 

the distance change between the probe termini can be exploited by a variety of signaling 

approaches, including FRET,11 surface enhanced Raman scattering, and excimer light 

switching.7 In the case of FRET, a donor fluorophore is attached to one end of the probe 

and an acceptor fluorophore to the other. The two fluorophores will be away from each 

other in free form due to the random coil structure of these two DNA strands. Excited at 

donor’s excitation, only donor gives fluorescence emission. When target-binding event 
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brings the donor and the acceptor in proximity, FRET occurs, resulting in the quenching 

of the donor fluorescence and the enhancement of the acceptor fluorescence.  

 

Figure 7-1. Working principle of a hybrid molecular probe. The probe consists of two 
single-stranded DNA sequence (green ribbons) tethered to either ends of a 
polyethylene glycol (PEG) polymer linker with a controlled length (purple 
ribbon). A donor fluorophore (Green ball) is attached to the 3′ end and an 
acceptor fluorophore to the 5′ end of the probe DNA. Due to the random coil 
structure of these two DNA strands in the probe, the two fluorophores will be 
away from each other in the absence of a target nucleotide sequence. Excited 
at donor’s excitation, only donor gives fluorescence emission, while the 
acceptor has no emission because of the long distance between donor and 
acceptor. In the presence of a target, this probe hybridizes to the target and 
brings two fluorophores in close proximity, which allows fluorescence 
resonance energy transfer (FRET) to occur. Hence, target hybridization results 
in the quenching of the donor fluorophore and enhancement of the acceptor 
fluorescence. 

To demonstrate the principle, following sequence was synthesized to target Aplysia 

Tubulin mRNA(516-551): 5’-Cy5-CTC ATT TTG CTG ATG AGC-(X)n-CTG TCT 

GGG TAC TCC TCC-FAM-3’, where X stands for a PEG synthesizing monomer unit 

(Glen research), n represents the number of PEG monomer unit. Every PEG monomer 
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unit has a length of about 22 Å and the PEG linker is flexible allowing free movement of 

the two DNA sequences. Several criteria were considered when selecting donor/acceptor 

pairs for the probe in order to ensure a high signal-to-background ratio. First, there should 

be a significant spectra overlap between these donor and acceptor dyes. Second, 

absorption of acceptor at donor excitation needs to be negligible. And finally, their 

fluorescence emission spectra should be completely separated and hence false positive 

signals from the acceptor is considerably reduced at the donor excitation wavelength. 

Several dye pairs such as FAM/CY5, BODIPY FL/CY5, BODIPY FL/TEXAS RED, and 

CY3/CY5 meet these criteria. In addition, quantum dots can be used as bright and 

photostable donors in the probe to pair with a variety of fluorophores164 because of their 

broad excitation and narrow emission spectra. In this study, FAM and Cy5 were chosen. 

Hybridization of Hybrid Molecular Probe  

Figure 7-2 below shows the response of 300nM HMPTBL16 (a hybrid molecular 

probe targeting Tubulin mRNA with 16-unit spacer) to 300nM of its target DNA. When 

excited at 488 nm, the probe emitted strongly with a 515 nm peak in the absence of target 

DNA, while the cy5 emission at 655 nm was negligible. When target was added to the 

solution, because the two fluorophores were brought to close proximity, FRET occurred. 

As a consequence, fluorescence of FAM decreased and emission of Cy5 increased. This 

is an indication that this probe worked as expected. To confirm the response was due to 

specific DNA hybridization, and scrambled DNA sequences were used as a control target 

in the hybridization experiment. No significant signal change was observed from the 

HMBTBL16 when same concentration of scrambled sequence was added, which 

suggested the positive response from cDNA was a result of DNA/DNA hybridization. 
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Figure 7-2. Hybridization of 300nM of HMPTBL16 to 300nM of its Target DNA and 

Control in 20mM Tris-HCl buffer (50 mM NaCl, 5 mM MgCl2, pH 7.5). 
Probe sequence: Cy5-CTC ATT TTG CTG ATG AGC (X)16CTG TCT GGG 
TAC TCC TCC-FAM. Target sequencer: GCT CAT CAG CAA AAT GAG 
GGA GGA GTA CCC AGA CAG. Control Sequence: TCT GTG TAA TCA 
ACT GGG AGA ATG TAA CTG ACT AGC. Excitation=488 nm. T=25 °C. 

Data shown in Figure 7-2 reveals two important advantages of the HMP: detection-

without-separation and ratiometric measurement. The fluorescence intensity ratio of 

CY5/FAM from free probe is very low. By contrast, when hybridized to its target, the 

ratio of CY5/FAM is high. This ‘light-up’ signaling approach allows this probe to detect 

the presence of target sequence without any need of removing unbound probe. This 

detection-without-separation method eliminates tedious washing and separating 

procedures. More importantly, it affords real-time detection, which is desirable as a probe 

for detection in living cells. Another advantage of this probe is that it uses ratiometric 

measurement. By taking intensity ratios of the CY5 emission to FAM emission, one 

could effectively eliminate signal fluctuation and minimize the impact of environmental 

quenching on the accuracy of measurement.  
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Optimization of PEG Linker Length 

PEG was used in the probe design because it is easy to synthesize, has a 

controllable length, is non-toxic, and has good water solubility. The highly flexible PEG 

chain should not interfere with DNA hybridization as long as the linker length is 

appropriate. The linker in HMP tethers two DNA sequences together, helping them bind 

to one target molecule instead of two different target molecules. This tethering also 

facilitates the hybridization of the probes to the target, as one binding probe will bring the 

other close to the target for hybridization. Such a synergetic effect also results in a better 

probe/target binding. Indeed, the Tm of HMP/target duplex was found to be about 20°C 

higher than that of a hybrid of target with two separate probes without a linker. The HMP 

also showed a larger linear dynamic response to its target than that for two separate 

probes without a linker.165 As showed in Figure 7-3, signal response from HMPTBL16 

was proportional to target DNA concentrations ranging from 0 to 500nM. By contrast, 

two DNA probes without a linker were titrated with the same target DNA. For two probes 

without the linker, the fluorescence intensity ratio 665nm/515nm decreased when the 

target to probe ratio was larger that 1 to 1 ratio. This is consistent with data reported.165 

This nonlinear response shows the disadvantage of this two probe system. This nonlinear 

response at high target concentration comes from the fact that the two probes tend to bind 

to two separated target DNA sequences when the target is in excess. In contrast, the 

linear FRET probe uses a linker to tether two individual sequences together, increasing 

local concentrations of each of them, ensuring two individual DNA sequences in the 

same probe bind to a same target DNA sequence. As a consequence, even at higher target 

to probe concentration ratios, the signal response is still close to linear. The dual FRET 

MB approach has been developed to reduce false positive signal for MB in mRNA 
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imaging in living cells.27 However, one major problem in using the dual FRET beacon 

approach is the chance of getting two beacons binding two adjacent areas is low and thus 

nonlinear signal response at high target concentration. A HMP which uses a PEG linker 

to tether two MBs could effectively solve the aforementioned problem. Another function 

of PEG linker is to provide a scaffold for the insertion of functional moieties such as 

biotins for immobilization of HMP, large molecular tags to prevent the probe from 

nucleus sequestering, or cell membrane penetrating peptides for probe delivery purpose.  
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Figure 7-3. Titration of 300 nM HMPTBL16 and 300 probes without a linker with target 
DNA. 20mM Tris-HCl buffer (50 mM NaCl, 5 mM MgCl2, pH 7.5). 
HMPTBL16 sequence: Cy5-CTC ATT TTG CTG ATG AGC (X)16CTG 
TCT GGG TAC TCC TCC-FAM. Probes without linker consists of two probe 
sequences with following sequences respectively: Cy5-CTC ATT TTG CTG 
ATG AGC and CTG TCT GGG TAC TCC TCC-FAM. Target sequencer: 
GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA CAG. 
Excitation=488 nm. T=25 °C.  

The length of this spacer should be carefully optimized to allow these two 

sequences freely to bind to their target, while still allowing the two sequences to have 

relatively high local concentration to each other. Four probes, HMPTBL8, HMPTBL12, 
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HMPTBL16 and HMPTBL20, were prepared. The number in the probe name indicates 

the number of PEG monomer units in the probe.  
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Figure 7-4. Effect of spacer length on the hybridization of linear FRET probe to its target 

As shown in Figure 7-4, when only 8 repeat PEG units were used, as high as 7-fold 

of signal enhancement was observed. An increase in signal enhancement was observed 

when the PEG spacer length increased. There are two factors that make probes with short 

linkers unfavorable for good signal enhancement. First, FRET could occur between 

acceptor and donor, which would contribute to background signal from unbound probe. 

For instance, HMPTBL8 has 30 bases and 8 PEG units, the distance between two 

fluorophores could be as high as 27.6 nm if the probe was fully stretched. However, the 

distance was shorter because free probe tended to be in coiled forms. Secondly, when the 

spacer length was short, it hindered those two DNA sequence to hybridize to its target, 

weakening probe-target hybrid stability. This doesn’t mean the longer the spacer the 

better. When the spacer is too long, KLP20, the probe with 20 PEG units for example, it 

decreased the local concentration of one DNA to the other on the same probe, lowering 
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the chance of two probes binding to the same target sequence. As a consequence, 

HMPTBL20 had a slightly lower signal enhancement than HMPTBL16.  

Optimization of Acceptor-Donor Distance  

The optimization of the acceptor-donor distance was carried out with a goal to 

minimize static quenching, while maximizing FRET efficiency. Binding of the probe to 

its target, as designed, will bring acceptor and donor in close proximity allowing FRET to 

happen. In the case of FRET, the closer two fluorophores are, the higher the energy 

transferring efficiency. On the other hand, if two fluorophores get too close to each other, 

static quenching will occur which will quench both fluorophores. To get the best signal 

enhancement, it is important to optimize the distance between these two fluorophores. 

Different numbers of dTs were inserted into a DNA sequence complementary to the 

linear probe so that the distance of the acceptor and donor varied once the probe bound to 

these DNAs. Table 2 shows the sequences that were used in this experiment. For 

FAM/CY5 pair no static quenching was observed (Figure 7-5). Instead, the FRET 

efficiency decreases exponentially with an increase of FAM/CY5 distance in target/probe 

hybrid. 
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Figure 7-5. Acceptor-donor distance optimization 
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Table 7-2. Target  DNA sequence with different numbers of dT 

 

HMP for Surface DNA Hybridization Study.  

One of the advantages of the newly designed probe over conventional two-probe 

FRET system or dual FRET MBs design is larger dynamic range. Another advantage of 

using linear probe is that it can be used for surface hybridization applications such as 

fiber optic DNA sensor, DNA array, as well as microchannel for nucleic acid detection 

(Figure 7-6).  

 

 
Figure 7-6. Immobilization of hybrid molecular probe on solid surface for nucleic acid 

detection. 

A HMP probe was prepared with the same sequence as HMPTBL except that there 

were two biotins inserted in the middle of linker PEG units. Two biotins were used for 

one sequence to improve the binding efficiency. Before immobilization onto a 

streptavidin-coated surface, solution tests were performed, which showed similar signal 

response of the probe to the probe without biotin. This indicated that biotin in between 

the linker did not interfere the binding of probe to its target.  Figure 7-7 shows the 

0T Target GCT CAT CAG CAA AAT GAG                   GGAGGAGTACCCAGACAG 
1T Target GCT CAT CAG CAA AAT GAG T               GGAGGAGTACCCAGACAG 
3T Target GCT CAT CAG CAA AAT GAG TTT          GGAGGAGTACCCAGACAG 
5T Target GCT CAT CAG CAA AAT GAG TTT TT    GGAGGAGTACCCAGACAG 
7T Target GCT CAT CAG CAA AAT GAG TTTTTTTGGAGGAGTACCCAGACAG 
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response of the immobilized probe upon the addition of target DNA. The surface was 

excited at 488nm, and the images were monitored at two emission channels specific for 

FAM and Cy5 respectively. Before hybridization, fluorescence signal from FAM was 

strong and weak emission from Cy5 was observed. Immediately after addition of c-DNA, 

the intensity of FAM diminished and the intensity of Cy5 increased as a result of 

hybridization. Overall, fluorescent intensity ratios of Cy5/FAM increased dramatically. 

From the intensity result, large fluctuations for both Cy5 and FAM was observed. This 

fluctuation was a result of disturbances in the detection system. By using ratiometric 

analysis, these noises were cancelled out, and smooth hybridization results were 

observed. With ratiometric measurement capability, the new DNA probe design removes 

the internal fluctuations of the detection system, allowing a more precise detection.  
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Figure 7-7 Hybridization of surface immobilized HMP to its target DNA. Buffer: 20mM 
Tris-HCl (pH7.5), 50mM NaCl, 5mM of MgCl2. 

Comparison of Hybrid Molecular Probe with MBs 

MBs have excellent selectivity with single base mismatched discrimination 

capability.  A MB targeting the same target sequence as HMPTBL16 was prepared and 
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used in single based mismatch detection experiments. Figure 8 shows the response of 300 

nM the MB to 300nM of different targets. Under experimental conditions, perfect match 

cDNA was able to produce a signal change of about 8.5 fold. With same concentration, 

one base mismatch target produced less signal change. When T was replaced by G, target 

DNA changed signal about 4.5 fold. With A replacing T in the target sequence, target 

DNA produced about 5.5 times of signal change. Being the less, target DNA with C 

replacing T, produced only about 2.5 fold increase. In case of HMP, it generated about 20 

fold increase in signal upon hybridized to perfect match target DNA. While one base 

mismatch, AT, AC, and AG targets showed about 12.5,11,14 times signal change, 

respectively. Overall, under the same experimental conditions, the signal enhancement of 

hybrid molecular probe is higher than MB and the selectivity of hybrid molecular probe 

is slightly lower than that of MBs. The selectivity of molecular probe, on the other hand, 

could be improved by changing the DNA sequences with a hair-pin structure.  
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Figure 7-8 Hybridization result of 300nM of MB (left) and 300nM HMPTBL16 (right) to 

same concentration of their targets. AT stands for the perfect match target. 
Buffer: 16mM Tis-HCl (pH7.5), 40mM NaCl, 4mM MgCl2 and 20% DMF 

For MB, one of its disadvantages is that it gives false-positive signal after protein 

binding, enzyme digestion, or thermal denaturing. By contrast, hybrid molecular probe 
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gives minimal positive signal caused by these factors. Figure 7-9 compares the response 

of the MB and HMP to target DNA and nucleases. For HMP, no false positive was 

observed when nuclease was added to the solution. By contrast, digestion of MBs by 

nucleases caused high false positive signal that is undistinguishable from true target 

binding signal. Figure 7-9 shows a faster hybridization rate the HMP displayed than the 

MB did. Unlike HMP, MBs have to overcome the energy barrier for dehybridizing the 

self-complementary stem before hybrizing to its target sequence, which slows down the 

hybridization.  

Similarly, it was found that MB gave a false signal when SSB was added, while 

negligible responses were observed for the HMPTBL16. 
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Figure 7-9   Response of 300nM HMP and 300 nM MBs to 300nM target cDNA and 
3µg/ml DNase in 20mM Tris-HCl buffer (50 mM NaCl, 5 mM MgCl2, pH 
7.5) 
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Figure 7-10. Response of MB and HMP to non-specific interactions. Response of 300nM 
HMPTBL (right) and MBTBL (Left) to cell lysate w/ and w/o cDNA.  

The performance of both HMP and MB were further tested with cancer cell (CEM) 

lysate. Blast results against human genome precluded positive response of probes for the 

CEM cell lysate. However, MBTBL responded immediately after the addition of cell 

lysate. With no target sequence in the system, this false positive response could have 

resulted from nuclease digestion or nonspecific protein bindings. Conversely, the 

HMPTBL didn’t give any significant signal change when cell lysate was added. The false 

positive result from MB compromised its ability to detect nucleic acid targets in a cellular 

enviroment. It failed to differentiate cell lysate containing cDNA from cell lysate w/o 

cDNA (Figure 7-10). While for the HMP, the cell lysate itself did not cause any 

significant signal, and the cell lysate with cDNA induced an intense and immediate 

response.  

Conclusions 

In conclusion, the developed HMP responds specifically to its complementary 

sequence. It allows a rapid detection of nucleic acid target in complex sample matrix. 

This new probe is similar to MB in the following aspects: 1) Both are light-up probes; 2) 

Both can detect unlabeled target without separation; 3) Both are very sensitive and 
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selective in monitoring nucleic acid targets. Compared to MBs, however, this new probe 

has its own advantages. First, it is easier to design and synthesize. Not every MB 

designed based on target sequence and then synthesized can detect its target 18, but the 

HMP can. Second, HMP does not generate any false-positive signal upon digestion by 

nuclease, binding by proteins, forming complexes by sticky-end paring, or by other 

factors. HMP is capable of selectively detecting targets from cellular samples. In 

addition, the signal generation in HMP can be easily made with ratiometric measurement, 

minimizing effect of system fluctuations. Preliminary applications of HMP are underway 

in monitoring the expression and trafficking of mRNA in single living cells and in 

developing DNA/mRNA biosensors and biochips for biotechnology and bioimaging. 
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CHAPTER 8 
SUMMARY AND FUTURE DIRECTIONS 

Engineering Molecular Probes for Bioanlysis and Intracellular Imaging 

Complete deciphering of life processes demand the study of molecular interaction 

in the context of living cells. The key to the successful study of these complex 

interactions is the use of molecular probes. Currently, there are limitations for 

intracellular probes such as low sensitivity, reduced selectivity, and poor stability. Using 

molecular beacons as model probes, this research attempted to address these challenges 

by integrating molecular engineering techniques with new signaling materials and 

approaches to design more sensitive and effective probes.   

To develop sensitive molecular probes, novel materials were explored for signal 

amplification and background reduction. Conjugated polymers are good candidates for 

signal amplification because of their excellent light harvesting and superquenching 

properties. In order to be useful in bioanalysis, the polymer must be conjugated with a 

biomolecule. However, controlled coupling of these polymers to biomolecules is 

difficult. A solid phase synthesis method was developed to couple a fluorescent 

conjugated polymer with an oligonucleotide through direct polymerization of the 

monomers and oligomers on a DNA strand.74 Coupling was achieved by carrying out the 

PPE polymerization reaction in the presence of a 5I-dU terminated oligonucleotide linked 

to a CPG support. The product, DNA-PPE, can be easily separated from free PPE by 

centrifugation. The conjugation reaction is simple, fast and easily controllable. The 

coupling efficiency between the PPE and the DNA is high. Mass spectroscopy analysis 
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and DNA hybridization study results indicated that polymerization conditions were so 

mild that the DNA exposed to polymerization not only remained structurally intact, but 

also kept its bio-recognition capability. This new method makes it possible for efficiently 

coupling fluorescent amplifying polymers with biomolecules for bioanalysis and 

biosensor applications. To examine the use of conjugated polymers for DNA sensing, a 

molecular beacon with a conjugated polymer chain as the signaling element was 

prepared. This molecular beacon gave strong fluorescence signal specifically for the 

complementary sequence and showed promising results in bioanalysis.  

In addition to exploring new signaling materials for brighter probe signal, this 

research addressed the concern of probe background problem. The third chapter of the 

dissertation investigated the feasibility of using a multiple-quencher approach to improve 

quenching efficiency of quenchers for fluorophores in molecular beacon design. Two 

ways to label a number of quencher molecules to a molecular beacon sequence were 

developed and compared. Both approaches indicated that increasing the number of 

quenchers in MBs significantly increases the signal-to-background ratio of the probe by 

increasing the quenching efficiency of the quencher moiety for the probe. Compared to 

the internal labeling approach, the end labeling of multiple quenchers through 

dendrimeric linker exhibited the following advantages: easy synthesis, high coupling 

yields, no observable adverse effect on the stem stability, greater flexibility for stem 

design, and wider selection of fluorophore and quenchers combinations. The 

Superquenchers assembled from the second method show unique properties for use in 

engineering molecular probes. First, compared with a regular MB, a Superquencher 

constructed MB had higher sensitivity, better purity, and greater thermal stability. 
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Second, the assembly scheme can be widely useful for different types of quencher 

molecules. Third, the SQ can be used for different fluorophores and in different probes.79 

The approach of assembling superquenchers can effectively improve the sensitivity of a 

variety of fluorescent assays and can be widely useful for molecular interaction studies. 

To overcome the problem of autofluorescence from biological fluids, a new 

signaling approach called the excimer light switching signaling technique was 

developed.7 Chapter 4 reported the engineering of light switching excimer aptamer 

probes for rapid and sensitive detection of a cancer biomarker protein-platelet derived 

growth factor (PDGF). Labeled with one pyrene at each end, the aptamer switches its 

fluorescence emission from around 400nm (pyrene monomer) to 485nm (pyrene excimer) 

upon PDGF binding. This fluorescence wavelength change from monomer to excimer 

emission is a result of aptamer conformation rearrangement induced by target binding. 

The excimer probe is able to effectively detect picomolar concentrations of PDGF in 

homogeneous solutions and with the naked eye. As the excimer has a much longer 

fluorescence lifetime (~40ns) than that of the background fluorescence (~5ns), time-

resolved measurements were used to eliminate the biological background. PDGF were 

thus able to be detected in cell media without any sample pretreatment. This molecular 

engineering strategy can be used to develop other aptamer probes for protein and ion 

monitoring. Combined with lifetime based measurements and molecular engineering, 

light-switching excimer aptamer probes hold great potential for protein analysis in future  

biomedical studies. 

Chapter 5 extended the excimer signaling and time-gate measurement method to 

nucleic acid analysis. Macromolecules with 1, 2, 3, and 4 pyrenes were assembled using 
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dendrimeric linkers for MB labeling. It was found that the quantum yield of excimer 

emission increases with the number of pyrene molecule assembled. The long 

fluorescence lifetime of pyrene excimer allowed quantitative detection of trace amounts 

of nucleic acid targets in complex biological fluids.  

In Chapter 6, the stability of nucleic acid probes was addressed. When used 

intracellular applications, normal nucleic acid probes are prone to enzymatic digestion, 

protein binding, and elicitation of RNase H action, all of which lead to nonspecific 

signals. The possibility of alleviating these issues by using locked nucleic acid (LNA) 

bases in the molecular probe design was investigated.152;153 Studies from a MB fully 

modified with LNA revealed several appealing properties: 1) high thermostability and 

strong binding affinity; 2) excellent single base mismatch discrimination capability; and 

3) strong resistance to nuclease degradation. Such an all-LNA MB, however, showed 

slow hybridization kinetics, with is undesirable for intracellular imaging applications. To 

fully take advantage of the LNA properties and optimize the probe kinetics, a series of 

LNA/DNA chimeric MBs were synthesized and used to investigate the effect of 

LNA/DNA ratio in molecular probes on their thermodynamics, hybridization kinetics, 

protein binding affinity, and enzymatic resistance. It was found that the LNA bases in a 

MB stem sequence have a significant effect on the stability of the hair-pin structure and 

the hybridization rate. The hybridization rate of LNA-MBs could be significantly 

improved by lowering the LNA/DNA ratio in the probe, or most significantly, by having 

a shared-stem design for the LNA-MB to prevent sticky-end pairing. Other studies 

indicated that only MB sequences with DNA/LNA alternating bases or all LNA bases are 

able to resist nonspecific protein binding. Additional results showed that a sequence 
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consisting of a DNA stretch of less than 3 bases between LNA bases are able to block 

RNase H function. These findings have important implications in the design of LNA 

molecular probes for intracellular diagnosis, therapeutic, and basic biological studies. 

The false signal problems of molecular probes were also addressed by designing 

probes with new formats as shown in Chapter 7. In this chapter, we reported the design 

and synthesis of a hybrid molecular probe (HMP) for intracellular nucleic acid 

monitoring to overcome false positive signal problems of molecular beacons. HMP has 

two DNA sequences, one labeled with a donor and the other an acceptor fluorophore. The 

two DNA probes are linked by a poly(ethylene glycol) (PEG) linker, with each DNA 

being complementary to adjacent areas of a target sequence. Target binding event brings 

the donor and acceptor in proximity, resulting in quenching of the donor fluorescence and 

enhancement of the acceptor emission. The newly designed HMP has high sensitivity, 

selectivity, and fast hybridization kinetics. The probe is easy to design and synthesize. 

HMP does not generate any false positive signal upon digestion by nuclease, binding by 

proteins, forming complexes by sticky-end pairing, or by other molecular interaction 

processes. HMP is capable of selectively detecting nucleic acid targets from cellular 

samples. 

Future Directions 

Exploration of New Materials for Signal Amplification 

Introducing new fluorescent materials capable of amplifying signals for molecular 

recognition events will continue to be essential to address the growing need for highly 

sensitive bioanalysis. Among many new promising materials, nanoparticles such as dye 

doped nanoparticles and quantum dots have been insensitively investigated for signal 

amplification in bioanalysis. 
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Semiconductor quantum dots (QDs) are extremely attractive fluorescent materials 

for biosensing applications.166-175 Compared to organic fluorophores, QDs have several 

unique properties, including size and composition-tunable fluorescence emission, high 

extinction coefficients, large absorption across a wide spectral range, narrow emission 

spectra, and very high levels of brightness and photostability. These desirable features 

make QDs promising alternative signal amplification materials to construct molecular 

probes.  

During the past six years, QD have also been used as biological labels in a variety 

of bioassays, 166-175 some of which would not have been possible with conventional 

fluorophores. In vitro bioanalytical assays were developed by using QD-tagged 

antibodies fluorescence resonance energy transfer (FRET)–QD biosensors as well as by 

using QD-encoded microbeads. In addition to solution-based assays, the spectroscopic 

advantages of QD should also benefit sensitive optical imaging in living cells and animal 

models. 

In FRET assay, the problem is that the fluorescence of QDs can not be effectively 

quenched by a quencher. Such an incomplete quenching hinders the application of QD in 

FRET based molecular probes. The Superquencher assembling approach could be an 

effective way to discover effective quenchers for QDs. The feasibility of using QD-based 

fluorescence resonance energy transfer (FRET) to amplify biomolecular recognition 

signals combined with Superquencher could be explored. The new strategies that use 

QDs and Superquenchers for signal amplification of molecular recognition events will 

allow us to construct a variety of highly sensitive and photostable probes in bioanalysis.  
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Development of New Probes with Better Stability, Selectivity and Kinectics 

Chapter 6 discusses the property of LNA-MBs. MBs with alternating LNA/DNA 

bases shows high affinity, good nuclease stability, excellent resistance to nonspecific 

protein binding, low protein binding affinity all of which are attractive for intracellular 

applications. Despite these advantages, there are two aspects of LNA-MBs that could be 

further improved, selectivity and hybridization kinetics.  

Questions about the selectivity of MB arises  from concern that the arm sequences 

in the MBs are prone to fortuitously participate in random binding, thus constituting a 

potential source of false positive results.176 A solution to this problem is to replace the 

stem part of a MB by an oligonucleotide pairing system that is orthogonal and 

consequently does not cross pair with DNA or RNA. Known pairing systems with such 

properties are, for example, isoC:isoG177 and enantio-DNA (L-DNA).178-183 Such a 

replacement, would allow the MB stem resist any invasion by adventitious nucleic acids 

built from AT(U)GC.  

Preliminary result indicates that shortening stem length of MB could improve 

hybridization kinectics of LNA-MBs. However, a MB with short stem has a higher 

probability to be opened by any other sequences possing a segmentcomplementary to one 

of the arms of the stem, leading to nonspecific opening of the MB by non-target 

sequences. Another drawback is associated with the short stem design is higher probe 

background.  

Careful design of MB’s stem will present an effective way to solve both of these 

problems. Such a stem should be built form monomer pairs that can resist enzyme 

digestion, resist nonspecific protein binding, bind weakly with nature bases and 

thermostable yet possess a fast dehybridization rate. L-DNA meets these criteria well and 
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thus engineering an MB consisting a loop with alternating DNA/LNA base178-183 and a 

stem with L-DNA could be an one-stone-for-two-birds solution.  
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Figure 8-1. Structure of D-DNA and L-DNA 

All naturally occurring nucleic acids are composed of D-nucleotides. With different 

chirality, Non-natural L-DNA (Figure 8-1) should escape from enzymatic recognition 

and subsequent degradation as well as protein bindings.178-183 It has been reported L-

DNA resists nuclease digestion and binds weekly to D-DNA and D-RNA. We have 

synthesized a MB with L-DNA. Hybridization results showed that the opening of the MB 

by loop cDNA target is faster than a DNA-MB, although the L-DNA stem MB had a 

stem 5oC more stable than the regular DNA-MB. Considering all these factors, a MB 

with alternating DNA/LNA base loop and a L-DNA stem could have following 

properties: high nuclease stability, immune to nonspecific binding, resistant to opening of 

stem by adventitious nucleic acids, higher stem thermostability, faster hybridization 

kinetics, and better single base mismatched discrimination capability. Furthermore, the 
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weak interactions between DNA and L-DNA prevent the interaction between the loop 

sequence and the stem sequences, making the design of MB easier.  
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