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The detection of DNA and mRNA plays an important role in disease diagnostics, 

biomedical research and gene expression studies. Currently, there are many techniques that can 

help decipher some of the mechanisms occurring inside the cell including, in situ hybridization, 

reverse transcriptase polymerase chain reaction (RT-PCR) and Northern or Southern blotting. 

These techniques are reliable and sensitive but are time consuming and often fail to give real 

time data. The key for rapid, selective and sensitive analysis is the use of molecular probes based 

on nucleic acids. However, currently there are limitations that hinder the use of molecular probes 

for bioanalysis, including low sensitivity, reduced selectivity, and poor stability. The focus of 

this work has been the development and optimization of molecular probes for intracellular 

imaging and biosensor applications.  

Recently, we introduced the hybrid molecular probe (HMP) as a novel probe for mRNA 

and DNA monitoring in solution and in living cells. A series of spectroscopic experiments was 

conducted to fully characterize and optimize HMP for both in vitro and in vivo analysis and as a 

tool for hybridization studies. The results proved that HMP enables very sensitive analysis at low 

concentrations and sample volumes. In addition, HMP was able to overcome some of the 

problems associated with traditional methods of gene expression analysis. Specifically HMP 
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achieved a more than 20 fold signal enhancement compared to ~6 of linear probes, was very 

stable in a cell-like environment, and was less prone to generate false positive signal when 

compared with molecular beacons (MBs). 

MBs are well-known molecular probes that are currently used in bioanalysis. Although, 

MBs have previously been used for surface hybridization studies, their potential has not fully 

exploited, primarily because of the poor stability of the beacon after immobilization onto a 

surface, resulting in a low signal enhancement. By incorporating locked nucleic acid (LNA) 

bases into the MB sequence, a considerable improvement in the stability and therefore in the 

overall efficiency in the signal can be achieved for surface hybridization. As part of this research, 

locked molecular beacons (LMB) have been evaluated and compared to regular molecular 

beacons (RMB) in terms of selectivity, sensitivity, thermal stability, hybridization kinetics and 

robustness for the detection of target sequences. The experiments were performed using 

biotinylated beacons immobilized onto avidin-coated microscope slide surface. After incubation 

with the target DNA sequence, a 25-fold enhancement has been achieved for LMB, with 

detection limits extending down to the low nanomolar range. In addition, the LMB-based 

biosensor possesses better stability, reproducibility, selectivity and robustness when compared 

with the RMB.  

These results demonstrate the potential of the newly designed HMP and LMB probes as 

prospective tools in the development of DNA microarrays and for bioanalysis, disease diagnosis 

and biotechnology applications. 
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CHAPTER 1 
INTRODUCTION 

Nucleic Acid Probes in Bioanalysis 

Intracellular imaging and biosensor development have become increasingly important in 

gaining knowledge processes inside the cell. These processes play a key role for cell function 

and keep the body working properly. Many techniques have been developed to decipher 

intracellular mechanisms including Northern Hybridization, Reverse Transcription Polymerase 

Chain Reaction (RT-PCR) and Southern blotting. These techniques are reliable and sensitive, but 

they are time consuming and fail to give a real-time data.  Because these techniques involve 

many steps, their results may not give a true reflection of the targeted process. Therefore, 

methods capable of providing high sensitivity, selectivity, speed and high signal to noise ratio are 

still needed. 

One of the most widely used methods for the design of molecular probes is based on 

nucleic acids (NAs) synthesis. NAs can be used as building blocks for the design and 

introduction of novel probes, mainly due to the strong and specific base pairing interaction. In 

addition, the use of NAs has many attractive properties such as high solubility, non-

immunogenic, and convenient synthesis from the monomer nucleotides. Furthermore, chemically 

modified nucleotides can be included to produce a wide variety of labeled molecular probes. 

These factors have led to wide popularity of molecular probes based on nucleic acid bases in 

fields such as molecular biology, chemistry and biomedical sciences.   

Synthesis of Nucleic Acid Probes 

Nucleic acid probes usually containing10-50 nucleotides can be prepared by several 

methods. However, the most common mechanism is based on the solid-phase synthesis. Because 

of the high efficiency of the automated oligonucleotide synthesis, the use of DNA/RNA 
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polymers have expanded to diverse areas of fundamental and applied biological research.1 

Moreover, the different labels available allow the synthesis of the DNA sequences for a broad 

range of applications. 

Figure 1 depicts an automated DNA synthesis using phosphoramidite chemistry, which is 

one of the most widely used methods for oligonucleotides synthesis.2 The procedure involves 

four steps: detritylation, activation, coupling/capping and oxidation.  Mononucleotides are added, 

one at a time, to a starting mononucleotide, conventionally the 3′ end nucleotide, which is bound 

to a solid support or core pore glass (CPG). The advantage of using the solid support unlike 

liquid synthesis is that permits the reagents to be removed by filtration and eliminates the need of 

purification between base additions. 

The first step is detritylation, in which the dimethoxytrityl (DMT) group is removed with 

trichloroacetic acid (TCA) or dichoroacetic acid (DCA) to free the 5'-hydroxyl for the coupling 

reaction. This ensures that the addition of the next base will bind only to that site. Excess acid 

and by products are removed by washing the reaction column. 

The next monomer cannot be added until it has been activated; the activation is achieved 

by adding tetrazole to the phosphoramidite derivative of the nucleotide. Tetrazole protonates the 

nitrogen of the phosphoramidite, which becomes vulnerable to nucleophilic attack. The 

intermediate formed is reactive and the subsequent coupling step is complete in ~30 seconds. 

The active 5'-hydroxyl group of the preceding nucleotide and the newly activated phosphorus 

bind to loosely join the two monomers forming an unstable phosphite linkage. The reaction 

column is then washed to remove any extra tetrazole, unbound nucleotide and by-products. 

Ideally, the coupling reaction should have 100% yield, however, this is rarely the case. 

Therefore, a capping step is necessary to terminate any chains that did not undergo coupling. 
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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) 
Activation, (3) Capping or Coupling, and (4) Oxidation. 

This step prevents any reaction of the “failure product” to react in latter additions of 

nucleotides which can be difficult to isolate. Consequently, the unbound active 5-hydroxyl 

groups are capped by acetylation with a protective group that prohibits the base from growing 

again. The reagents used for the capping step are acetic anhydride and N-methylimidazole, 
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which react only with the residual 5'-hydroxyl groups. The column is then washed to remove any 

remaining capping reagents.  

The last step is the oxidation, which is performed using iodine in water as the oxidizing 

agent in the presence of pyridine and tetrahydrofuran (THF). The internucleotide linkage is 

converted from a phosphite (less stable compound) to a highly stable pentavalent phosphate tri-

ester. The entire process is repeated in order to add more nucleotides and/or additional 

modifications. After all the nucleotides have been added, the product is deprotected to separate 

the sequence from the CPG, precipitated with ethanol and purified either by solid phase 

extraction or by reverse phase high performance liquid chromatography (RP-HPLC). One of the 

biggest advantages of using RP-HPLC is that it separates the failed sequences from those that 

were successfully synthesized. This is a key step in obtaining good product because sequences 

that failed to complete the whole synthesis can significantly interfere with the analytical 

procedure. Furthermore, molecular probes with multiple labels are usually separated twice in 

order to make sure that a high quality and pure product is collected with minimum interferences. 

Nucleic acids sequences absorb in the 250nm to 300nm range, whereas other molecules used for 

labeling absorb in their unique ranges. Figure 1-2 shows a typical absorption spectra of targets 

DNA with no label. There are two major products that can be seen in the spectra; the truncated 

DNA or the failed sequences and the final product, which contains a higher retention time. 

Phosphoramidite chemistry synthesis offers flexibility to introduce many functional groups 

at the 3' or 5' ends or in the middle of an oligonucleotide sequence. Functional groups such as 

sulfuhydryl, carboxyl, amino, linkers, thiols, biotin groups, and a wide variety of fluorophores 

can all be incorporated into oligonucleotides.  
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Figure 1-2 Absorption spectra of a DNA sequence. The blue arrows show the failed sequences 
whereas as the red arrow, shows the DNA sequence and/or final product.  

Fluorescence Spectrometry 

Designing nucleic acid probes for biosensor applications requires several considerations, 

such as the analytical method, choice of the labels, modifiers and the secondary structure of the 

sequence. There are many different techniques that can be selected for the analysis of nucleic 

acids, including electrochemistry, mass spectrometry and fluorescence spectrometry. The latter is 

one of the most useful techniques, because it offers versatility via a wide variety of fluorophores, 

sensitivity and it is non-destructive. Fluorescence spectroscopy is technique that is based on the 

analysis of the emission of photons from the sample. The principles of fluorescence spectroscopy 

can be understood using Jablonski diagram (Figure 1-3).  

At room temperature most of the molecules occupy the lowest vibrational levels of the 

singlet ground state (S0, no unpaired electrons). When electromagnetic radiation (usually UV 

light source) strikes the sample, the molecules are excited to a higher energy singlet state (S1). 

This absorption process is fast and usually take 10 -15 seconds to complete. 
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Figure 1-3 Jablonski diagram that presents the absorption, fluorescence, phosphorescence, 
internal conversion and intersystem crossing processes form a singlet and triple state. 

Once the molecules are in the excited electronic state, they rapidly relax to the lowest 

vibrational level of S1 (10-12 seconds). This process is called vibrational relaxation and is 

generally due to the loss of energy of the molecule by interaction with the environment. After 

vibrational relaxation has taken place fluorescence emission back to the S0 electronic state can 

occur with a lifetime of 10-10 to 10-8 second.3 As Figure 1-3 clearly shows, the emitted photons 

possess lower energy (longer emission wavelengths) than the absorbed excitation photons. 

Sometimes, molecules in the S1 state can undergo a change in a spin to a triple state (2 unpaired 

electrons) via the process called intersystem crossing. This electron may return to the S0 without 

emission (internal conversion) or may undergo phosphorescence. The latter process takes 10-3 to 

1 second to occur and the properties of the molecules are quite different from that of the 

fluorescence.  

There are many processes and molecular information that can be obtained from 

fluorescence spectroscopy. The most common molecular parameters are fluorescence lifetime, 

anisotropy, quantum yield, fluorescence quenching, and resonance energy transfer (RET). In this 

work, the focus will be on fluorescence resonance energy transfer (FRET).   
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Quenching Mechanisms 

Different processes, generally referred to as quenching, can decrease the fluorescence 

intensity. There are several quenching mechanisms: collisional quenching, static quenching, self-

quenching as well as others non-radiative pathways.  

Collisional quenching involves the collision with other molecules in solution, resulting in 

loss of excitation energy as heat instead of light is emitted. This process deactivates the excited 

state of the fluorophore and is usually present in the solution to some extent. For collisional 

quenching, the decrease in intensity is described by the well-known 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 unquenched lifetime and [Q] is the quencher concentration.3 Molecules such as oxygen, 

halogens, amines, and electron deficient molecules such as acrylamide can act as collisional 

quencher.3 

The term static quenching refers to the interaction of the fluorophore with a quencher to 

form a stable non-fluorescent complex. It occurs in the ground state and does not depend on 

diffusion or molecular collisions. There are many different molecular probes that are based on 

static quenchers. For example, the molecular beacon (MB) probes, discussed in this later chapter. 

Many different pairs of fluorophores and quenchers make this mechanism ideal for its use in 

molecular probes. 

Self-quenching is special type of the static quenching however in this case the fluorophore 

and quencher are the same species.  
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Fluorescence Resonance Energy Transfer 

As described above, the emitted photon to longer wavelength at which absorption occurs is 

the most important phenomenon of fluorescence. This phenomenon is called Stokes shift. 

Consequently, fluorescence can be extremely sensitive due to the detection of emission photons 

that are spectrally separated from the excitation photons. Detection to low nanometers resolution 

and sensitivity down to single-molecule levels can be achieved.  

Fluorescence resonance energy transfer (FRET) is a distance-dependent physical process 

by which energy is transferred from an excited molecular fluorophore (the donor, D) to another 

fluorophore (the acceptor, A) by means of intermolecular long-range dipole–dipole coupling.4 

Even though, the energy transfer between the donor and acceptor fluorophores occurs non-

radiativelly a spectral overlap is required (see Figure 1-4).  

Acceptor 
absorptionDonor 

emission

Wavelength (nm)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 

Figure 1-4 Energy transfer between donor (D) and acceptor (A). Diagonal lines represent the 
spectral overlap of the fluorophores. 
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The extent of the spectral overlap and the distance between the fluorophores (usually 

between 15-100 Å) determine the magnitude of the energy transfer. The net result of FRET is 

that the donor fluorophore emits less energy than it normally would due to some of the energy 

being transferred to the acceptor, while the acceptor emits more light energy at its emission 

wavelength, because it is obtaining extra energy from the donor fluorophore.   

These aforementioned properties of fluorescence spectroscopy make this technique ideal to 

perform gene expression studies and biosensor developments. 

Organic Dyes 

Organic dyes are very important in application of optical spectroscopy, because of their 

wide range of spectral properties. The detection or imaging method for constructing high quality 

biosensors is in part determined by the physicochemical properties of the chromophore used.5,6 

Fluorophore properties affect the detection limit and the dynamic range of the method, the 

reliability of the readout for a particular target or event, and the suitability for multiplexing 

targets.7  

There is wide variety of dyes from which to choose, but a suitable label should have the 

following characteristics: 

• Excitation wavelength that does not interfere with the matrix 
• Highly fluorescent  
• Soluble 
• Stability in buffer conditions  
• Low cost 
• High quantum yield 
• Low toxicity 
 

In the last decade, there have been many in dyes for labeling compound labeling, nucleic 

acids, proteins, antibodies and nanomaterials. Although, each dye has the specific labeling 

protocol, the procedure can be time consuming, and they are not amenable to bioanalytical 
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applications. Synthesis of the molecular probes in this work, was restricted to fluorescein (FAM 

or FITC), Oregon green, Cyanine 3 (Cy3), and Cyanine 5 (Cy5) (see Table 1-1). These choices 

were based on several factors. First, these dyes are phosphoramidite chemistry compatible and 

therefore, are easy to couple with the desired nucleic acid sequence. Secondly, the analysis is 

limited by the exitation sources and emission channels of the instruments in our laboratory. 

Third, the relative quantum yields of these fluorophores are acceptable for bioanalysis.  

Table 1-1 Fluorophores used in this investigation and their spectral properties 
Fluorophore λ Excitation (nm) λ Emission (nm) Quencher 

FAM 488 520 Dabcyl/BHQ1-543 

Oregon Green 488 520 Dabcyl/BHQ1-543 

Cy3 543 565 BHQ2-543 

Cy5 645 665 BHQ3-579 

 

Principles of Selected Molecular Probes 

This work focuses in the development of fluorescence molecular probes for the detection 

of mRNA and DNA in living cells and DNA microarrays. These probes can potentially have a 

tremendous impact in drug discovery, disease diagnosis, gene expression studies and biomedical 

fields.8-10 Molecular probes offer rapid analyses under homogenous conditions,11-15,  as well as 

simultaneous detection of target molecules allowing real-time analysis. Because DNA 

hybridization is very specific; these molecular probes permit the detection of a single base 

mismatch.16,17 

The following sections summarize the different nucleic acid analogs used for the synthesis 

of molecular probes.  
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Nucleic Acids Monomers 

Nucleic acids are very large molecules that consist of monomeric nucleotides sometimes 

referred to as bases. The most common nucleic acids are deoxyribonucleic (DNA), which 

contains the genetic information, and ribonucleic acids (RNA), which can assume several roles 

in our body. There are 5 different nucleotides for DNA and RNA: adenine (A), thymine (T), 

cytosine (C) and guanine (G) and uracil (U is used instead of T for RNA). Complementary bases 

form hydrogen bonds called base pairs; A pairs with T (2 hydrogen bonds) whereas C with G (3 

hydrogen bonds).  

These are also many artificial or man-made nucleic acid analogs, called non-standard DNA 

bases that are use instead of DNA and RNA. Among them are: peptide nucleic acids (PNA), 

morpholino nucleic acids, glycol nucleic acids, (GNA), locked nucleic acids (LNAs) and threose 

nucleic acids, all of which are distinguished from DNA or RNA by changes to the backbone of 

the molecule as shown in Figure 1-5. The rationale of using DNA analogs instead of regular 

DNA in biosensor design is the possibility of combining the inherent Watson and Crick base pair 

recognition with a more robust and accessible polymer synthesis.  

The backbone of a peptide nucleic avcis (PNA) is composed of repeating N-(2-

aminoethyl)-glycine units linked by peptides bones.18 The bases (A, C, G, and T) are linked to 

the backbone by methylene carbonyl bonds. All PNAs contain an N-terminus at the first position 

and the C-terminus at the right. These nucleic acids contain many attractive properties, such as 

lack of charged phosphate groups, which makes PNA/DNA binding is stronger than that of the 

DNA/DNA because electrostatic repulsion is reduced. In addition they are resistant to enzymatic 

or nuclease degradation and are stable over a wide pH range. However, because the uncharged 

backbone can induce self-aggregation which changes the secondary structure and interferes with 
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the base-pairing process,19 PNAs used for biosensor development and intracellular measurements 

is relatively limited.  
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Figure 1-5 Comparison of the repetitive units structures of DNA, PNA, Morpholino, TNA and 
GNA.  
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Glycol nucleic acids (GNAs) are a nucleic acid analogs that follow canonical Watson-

Crick base pairing schemes combined with an acyclic three-carbon propylene glycol 

phosphodiester backbone.20 Morpholinos, however, are synthetic oligonucleotides that contain a 

morpholino ring instead of a ribose ring.21 Morpholinos are resistant to nucleases, and are 

therefore very stable. They do not carry a negatively charged backbone, which minimizes the 

non-specifically interactions with other components if used inside the cell.22 

Finally, one of the most promising non-standard nucleic acids is the locked nucleic acid 

(LNA), which are ribonucleotide analogues containing a methylene linkage between the 2′-

oxygen and the 4′-carbon of the ribose ring.23 Figure 1-6 shows the LNA and DNA structures. 

The bond in red is the methylene bridge, which allows the ribose ring to be constrained in a 

locked 3′-endo conformation that permits high affinity hybridization probably due to its close 

structure resemblance to RNA.24-31 

 

Figure 1-6 LNA and DNA structure. Left, LNA contains a methylene bridge (red) that allows the 
ribose ring to be “locked”. Right, DNA structure. 

In addition to the high binding affinity, LNA’s offer lack of toxicity, high solubility and the 

possibility of synthesis using conventional phosphoramidite chemistry, and are therefore make 

ideal tools in therapeutics and diagnosis diseases.32  
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Locked nucleic acid bases exhibit single-base mismatch discrimination equal to greater 

than that of the regular DNA. The properties of the LNA oligonucleotides has been evaluated in 

oligomers that range from 6 to 20 nucleotides, with LNA/LNA, LNA/DNA and LNA/RNA 

mixtures.25,30,33,34 The stability that LNA bases bring to the oligonucleotides is reflected by an 

increase of the melting temperature (Tm) values up to +1 to +8 degrees against DNA and an 

increase of +2 to +10 against RNA.26,30,35,36 This increase, however, depends on the oligomer 

length and composition. It is important to note that LNA·LNA base pairing is very strong and 

that the likelihood of self-aggregation is possible. Therefore, when using fully modified LNA or 

LNA· DNA mixtures this problem must be taken into account. In this work, LNA bases were use 

to improve the detection capabilities of our probes, as discussed in Chapter 4.  

Molecular Beacons 

Molecular beacons (MBs), which were first introduced in 1996,37 they are single strand 

DNA probe molecules that have of a stem and loop structure.38-40 Figure 1-7 shows the molecular 

beacon structure and hybridization upon target addition.  The loop sequence is complementary to 

the single strand target DNA.41 The stem portion consists of 5 to 7 base pairs complementary to 

each other, so that prior to binding the target DNA the structure is in the closed state.42 A 

fluorophore is covalently linked to the end of one arm (orange color), and a quencher is attached 

to the end of the other arm (blue color). Molecular beacons do not fluoresce when they are free 

in solution, because in the closed state form the fluorescence is quenched by the nearby 

quencher. However, when hybridizes to a nucleic acid strand containing the target sequence, the 

stem break apart, distancing the quencher from the fluorophore, and therefore fluorescence is 

restored.  Initially, MBs were used for DNA detection but they can also be used for mRNA and 

molecules with higher complexity such as single DNA binding proteins. The main advantages of 

these probes are: 1) the signal transduction mechanism, which provides high sensitivity, 2) target 
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detection without further separation, 39 and 3) the ability to distinguish single base 

mismatches.38,39,42,43 

 

Figure 1-7 Hybridization of MBs upon target addition. The MB consists of a stem and a loop 
structure that maintains the close proximity of the fluorophore (orange) and quencher 
(blue) moieties. Consequently, when the MB is free in solution, the fluorescence of 
the fluorophore is quenched by the quencher. However, upon addition of the target 
the loop sequence hybridizes with the complementary DNA and the beacon opens. 
The fluorophore and quencher moieties are no longer close, and fluorescence is 
restored. 

However, when designing MBs for biological applications many factors must be 

considered. For example, the fluorophore-quencher pair selection is very important and is usually 

chosen according to the application and instruments available (including their capabilities in term 

of excitation and detection wavelengths). Table 1-1 shows some of the available 

fluorophores/quencher pair including the ones used in this work. One of the major considerations 

is the background fluorescence intensity of the MB in the close state, which can significantly 

affect the detection limits of the analysis. 

When considering the synthesis of MBs for biological applications, the selection of the 

nucleotide base adjacent to the fluorophore is important, due to the quenching properties of the 

nucleotides. The greatest quenching efficiency is given by guanosine (G), followed by adenosine 

(A), cytidine (C), and thymidine (T). This property is due to the electron-donating ability of G, 
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that permits charge transfer from the nucleobase to the vicinity fluorophore.44-46Since this 

additional quenching decreases the signal in the open form, guanosine is not usually bonded 

directly to the fluorophore.  

One of the most useful parameters to determine the stability of the synthesized MBs is the 

melting temperature, which is the temperature of which half of the complementary DNA stands 

are hybridized and half are free in solution. Previous results have demonstrated that GC rich 

sequences have more stability (therefore higher melting temperature) compared to non-GC rich 

sequences,47 because of the greater degree of H bonding between the G-C pairs compared to A-T 

pairs.  

MBs in solution with their target can exist in 3 states: 1) bound to target (opened state), 2) 

in the form of hairpin (closed state) and 3) random coil. The following formula explains these 

phenomenons:48 

BT ⇔ BOpen + T ⇔ BClosed + T 

where BT is the probe-target duplex, BClosed is the molecular beacon in the form of a hairpin; 

BOpen is in the form of the random coil and T is the complementary target sequence.   

In addition, the sensitivity and selectivity of the MB for its target can be optimized for the 

desire application by adjusting the sequence to be more GC rich or deficient.49 Therefore, if a 

MB for single-base mismatch is needed for the analysis then a short loop sequence will provide 

best results. The same way, increasing the length or strength of the stem of molecular beacons, 

increases the difference between melting temperature of the perfectly complementary sequence 

and the mismatched. Thus, changes in the stem allow further improvement in the molecular 

beacon selectivity, without altering experimental conditions. However, when the stem is too 

long, the hybridization kinetics is slow because the molecular beacons tend to remain closed. If 
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this degree of selectivity is not required for analysis longer loop sequence can be used. However, 

the longer the loop sequence, the more difficult it is for the stem to maintain the hairpin 

structure. Therefore, it is important to consider all the aforementioned properties when 

synthesizing a probe in order to make sure that it will hold some potential for bioanalysis.  

Molecular beacons have been used for intracellular measurement with the ultimate goal of 

monitoring mRNA inside a single cell. This is possible because of the inherent signal 

transduction mechanism of the MB, which allows the detection of target molecules without the 

need of separation. However, the design of the MBs for this purpose requires a series of 

important steps as shown in Figure 1-8. First, and perhaps the most important is to choose the 

appropriate target gene, which can be found in NBCI GenBank. The selected gene must be 

highly expressed inside the cell to increase the sensitivity of the assay. Secondly, the possible 

mRNA secondary structure must be predicted, so that the most stable and accessible mRNA 

regions for probe binding can be chosen (can be done by using m-fold software package).  

Gene Selection

 mRNA structure

Identify accessible 
target regions

Design the
loop and stem  

of the MBs

Calculate the Tm  
for each loop and  
stem combination

Predict secondary  
structures of

 the MB

Select dye and 
quencher

Test in vitro

Test in vivo

 

Figure 1-8 Flow chart illustrating the MB design and synthesis process 
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The complex secondary structures exhibited by the RNA sequences make this step critical. 

Usually, the best target site will be a region that has the most single stranded RNA. These 

regions are used to create complementary loop sequences of the MBs with various lengths. 

Third, the number of base pairs in the stem and loop must be optimized. The stem is created with 

a high GC content (75 to100), which provides better stability and quenching efficiency.  

There are numerous Web-based tools to help designing optimal molecular beacons. For, 

example integrated DNA technology (www.idt.com) presents an excellent web-tool by providing 

secondary structure determinations, as well as the Tm for both the loop-target hybrids and stem-

loop conformation.  

The next and final steps are: dye and quencher selection, synthesis, and in vitro testing. In 

vitro testing is mainly performed because the RNA folding programs do not provide a reliable 

secondary structure therefore; different probes are usually designed and tested in buffer solution 

before further analysis. If sensitivity has been proved in vitro and in solution then experiments in 

vivo can be carry on. 

Intracellular delivery of the MBs for mRNA detection can be performed by different 

methods, which include, electroporation,50 cell-penetrating peptides, 51 Streptolysin O,52 and 

microinjection.53 The latter is the one effectively used in our lab and is, therefore, the focus of 

this work. Microinjection of the probe achieves high transduction efficiency in transduction-

challenged cells, and it also controls delivery dosage and timing of delivery precisely.54 In 

addition, microinjection has lower cytotoxicity compared with chemical transfection or viral 

infection, especially in sensitive cells, such as human primary neurons.55,56 Microinjection has 

been widely used to deliver RNAs/interfering RNAs,57,58neutralizing antibodies,59,60 and 
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nanoparticles.61 Although, there are only a few cells injected in a cell culture, the number of cell 

injected is sufficient to assure reasonable statistical analysis.54  

In the last decade, MBs has been used to monitor and target mRNA inside cells.39,40,62-65 

Moreover, multiple gene detection has been possible using MBs with different labels for a 

variety of mRNA sequences.53 

Linear Fluorescent Probes 

Linear probes are labeled nucleic-acid fragments that are complementary to the target 

sequence. Single-stranded DNA unlike MBs, do not form a hairpin structure but they can have a 

quencher and a fluorophore attached at opposite ends. They behave like random coils, creating a 

measurable signal change upon binding to the target. These linear probes have been successfully 

tested to monitor RNA in tomato mosaic tobamovirus by coupling double donor fluorophores 

and one acceptor dye.66 

Hybrid Molecular Probe  

In considering the requirements of molecular probes for intracellular mRNA monitoring, 

we developed a hybrid molecular probe (HMP) for single living cell studies. This probe consists 

of two single strands of DNA with a polyethylene glycol (PEG) linker used to tether these two 

sequences together. A fluorescence donor is attached to the 3′ end of one DNA strand, and 

another fluorophore, acting as an acceptor, is attached to the 5′ end of the other strand. In the 

random unhybridized conformation of the probe, the two fluorophores are spatially separated 

from each other. However, when the target sequence containing the complementary sequences to 

both probes at adjacent positions is added, each strand binds to its corresponding target sequence. 

Thus, bringing the two fluorophores into close proximity, which allows fluorescence resonance 

energy transfer (FRET) to occur. It is this transfer of energy that results in the quenching of the 
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donor fluorescence and corresponding fluorescence enhancement of the acceptor 

fluorophore.67,68 The working principle of the probe is shown in Figure 1-9. 

 

Figure 1-9 Working principle of the hybrid molecular probe (HMP).  HMPs consist of two single 
strands of DNA (green); a polyethylene glycol (PEG, in purple) linker is used to 
tether these two sequences together.  A fluorescence donor is attached on the 3' end of 
one strand (green), and another fluorophore, acting as an acceptor, is attached to the 5' 
end of the other strand (orange).  In the random unhybridized conformation of the 
probe, the two fluorophores are apart from each other. However, when a target 
(orange strand) containing the complementary sequences to both probes at adjacent 
positions is added, each strand will bind to its corresponding target sequence bringing 
the two fluorophores into close proximity, which allows energy transfer to occur. 

DNA Based Sensors 

Nucleic acids hybridization can be combined with the sensitivity of optical, 

electrochemical or gravimetric transducer to form DNA sensors and DNA chips. DNA sensors 

are valuable tool in medical diagnostic, genetic screening, drug design, environmental and food 

analysis due to the rapid, simple, low cost, sensitive and selective properties of these systems. 

DNA sensors are mostly based on the immobilization of a DNA probe onto the transducer 

surface and the subsequent monitoring of the signal generated due to hybridization with target 

molecules. There are many factors to consider when using DNA for hybridization studies onto a 

surface such as: type of surface, selection of the functional group, position of the functional 

group in the probe and label molecules. Glass, plastic, and gold surfaces are the most well known 

surfaces for DNA based hybridization studies. There are different types of biosensors such as 
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optical, electrochemical, DNA biochip, piezoelectric, and colorimetric or strip type DNA 

sensors. In this report we will be focusing on the first three.  

Optical methods are the most frequently used, however, requires a label for detection, 

which can be chosen based on the stability, and convenience. One example of an optical 

biosensor is that based on a fiber optic to transducer the emission signal of a fluorescence label.69 

These biosensors can carry the light even at longer distances by using reflection. It requires the 

immobilization of a DNA probe at the end of the fiber and monitoring the changes in 

fluorescence upon hybridization with the target. Evanescence wave have also been used as 

optical transduction because of the high sensitivity even at single molecule level. MBs have been 

used for this purpose and it will be further discussed in Chapter 4.  

Another example of optical biosensor is surface plasmon resonance (SPR), which 

measures the interaction of light with the metal surface (typically gold due to its stability). Under 

specific conditions the electrons at the surface absorb incident light photons and convert them 

into surface plasmon waves. Perturbations at the surface, such as an interaction between probe 

molecules immobilized onto the surface and captured target molecules, induce a modification of 

resonance conditions, which are reported and measured as a change in reflectivity. The 

resonance conditions are influenced by the material adsorbed onto the thin metal film.70 A linear 

relationship is found between resonance energy and mass concentration of molecules such as 

proteins, sugars and DNA. 

Electrochemical biosensors are also used as DNA biosensors due to the fast and low cost 

analysis. They involve monitoring changes in conductance, electric potential and 

oxidation/reduction reactions. One of the biggest advantages of using electrochemical biosensors 

is that the detection can be performed on both label free and labeled probes. However, the 
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immobilization step requires high probe orientation and accessibility for target hybridization. 

Methylene blue and ferrocenyl naphthalene diimide are some of the most used intercalator dyes 

in electrochemical biosensors. They contain high affinity for double stranded DNA whereas little 

or no signal is present for the single stranded probe. 

A large number of DNA probes immobilized in a known arrangement on a solid surface 

(e.g. glass, plastic or silicon) produce a DNA microarray.71 The probes can range from a few 

hundred to thousands of single-stranded oligonucleotide sequences or other molecular probes 

(such as MBs) immobilized to discrete sensing regions on the solid substrate72-74 to allow the 

detection of different genes simultaneously. For example, for two different samples the RNA 

must be isolated and labeled with two different fluorochromes (generally the cyanine 3 and 5, 

Cy3, Cy5) before being hybridized to with the immobilized probe onto a glass microscope 

slide.70 A disadvantage of this method is that requires prior knowledge of the genes to be 

assayed. However, this technology provides a fast, simple and sensitive method for the detection 

of genes that are highly expressed. This is a novel technology promises to be at the vanguard of 

diseases diagnosis and therapy.  

Finally, forthcoming biosensors will require the development of novel devices or the 

improvement of the existing ones in order to allow superior transduction, amplification, 

processing, and conversion of the biological signals as well as more compact and portable 

devices.70  

Gene Expression Studies 

Genes that codes for protein are transcribed to messenger RNA (mRNAs) in the cell 

nucleus. The mRNAs in turn are translated into proteins by ribosomes in the cytoplasm. The 

transcription level of a gene is taken to be the amount of its corresponding mRNA present in the 

cell. Traditional RNA techniques require mRNA purification from total cellular contents before 
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analysis. However, mRNAs are difficult to work because are prone to degradation due to RNA 

digesting enzymes thus, to prevent the experimental samples from being lost, they are reverse-

transcribed back into more stable DNA form using reverse transcription polymerase chain 

reaction (RT-PCR). RT-PCR or qPCR is the gold standard methods for identifying and 

quantifying gene expression. The products of this reaction are called cDNAs because their 

sequences are the complements of the original mRNA sequences. One of the disadvantages of 

using RT-PCR is that not all mRNAs are reverse transcribe with the same efficiency, which can 

change the relative amounts of cDNAs measured in each assay.  On the other hand, the analysis 

saves time because there is no need to run a gel, since the data is directly quantify by the 

instrument as the reaction proceed. In addition, can detect low abundance templates, which 

normally would not be visualized by conventional-gel methods and reduces risk of 

contamination by using closed tubes. 

Another used approach for gene expression analysis is serial analysis of gene expression 

(SAGE). It is a powerful tool that allows the analysis of overall gene expression patterns with 

digital analysis.75,76 Because SAGE does not require a prior knowledge of the genes to be 

assayed (as with microarrays) it can be used to identify and quantitative new genes as well as 

known genes. SAGE requires a relatively high amount of input RNA required, consequently, 

several techniques have been developed to overcome this limitation, such as microSAGE, which 

entails a new protocol for the analysis of mRNA.  

Intracellular Imaging Using MBs Probes 

Intracellular images using molecular beacons have concentrated on the detection mRNA 

(qualitalive studies) rather than quantitative studies in a variety of cells systems.  In 2001, MBs 

were used to detect and visualize β-actin and β-1 andrenergic mRNA in kangaroo rat kidney 

(PtK2) cells. In this study, a negative control MB (no complementary sequence inside the cell) 
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was used to prove with no doubts that the increase in fluorescence was due to the hybridization 

with the target mRNA and not from non-specific interaction. This report was important because 

it demonstrated the real-time detection capabilities of MBs.39  

In 2003, Tyagi et al used MBs to investigated mRNA in Drosophila melanogastar oocytes. 

This experimental design resulted in the visualization of the distribution and trafficking of oskar 

mRNA. In this study, the use of binary MBs were used to hybridize adjacent regions of the same 

target resulting in FRET (the donor and acceptor fluorophore were brought within close 

proximity). This approach reduced the background of the MBs and generates a new signal to 

visualizing the mRNA distribution. In addition, they were able to track the migration of the 

mRNA throughout the cell and even into adjacent cells in the oocyte. In this report, MBs 

demonstrated their used not only for the localization of mRNA inside of single cells but it also 

that MBs could be used for tracking mRNA migration even into different cells.62  

Recently, several studies have concentrated their efforts on decrease the false positive 

signal and the non-specific interactions of the MBs. In our group, locked nucleic acids were used 

to engineer novel MBs for long term intracellular monitoring.77 These MBs showed high 

sensitivity, selectivity and biostability even after days of monitoring β-actin and MnSOD 

mRNA.  

In a different study, MBs were linked to quantum dots (QDs) to prevent gaining entry into 

the nucleous and therefore, eliminating the non-specific fluorescent signal. By using this method, 

Tsourkas et al was able to measure the expression of the endogenous proto-oncogene c-myc in 

MCF-7 breast cancer cells.78   
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Challenges of Molecular Probes for Intracellular Measurements and Biosensor 
Development 

The aforementioned molecular probes have been used for both intracellular measurements 

and biosensor development. However, one of the biggest limitations of DNA probes is their low 

sensitivity. Thus, most applications have involved detection of highly expressed and stimulated 

genes.53,62 Moreover, the signal levels measured are not easily related to absolute quantities of 

target transcripts.79 The sensitivity of molecular probes is determined by many factors, including 

as mentioned above, dye selection. Every dye has different properties that may vary according to 

the application. For example, 6-carboxyfluorescein (FAM) is very sensitive, has a high 

fluorescence quantum yield, good water solubility, and excitation maximum (494 nm) that 

closely matches the 488 nm spectral line of the argon-ion laser. These properties make FAM an 

important fluorophore for confocal laser-scanning microscopy and flow cytometry, 

unfortunately, FAM has several limitations, such as a high rate of photobleaching,80 pH sensitive 

fluorescence, a relative broad emission spectrum (limiting its utility in some multicolor 

applications), and a tendency toward quenching of its fluorescence on conjugation to 

biopolymers, particularly when each polymer molecule is substituted with many FAM.81 These 

characteristics can limit the sensitivity and application of this dye for intracellular measurement, 

where ultrasensitive detection is required.  

In addition, molecular probes, especially MBs in their off or closed state form, can have 

high background intensity, which lowers the signal/noise ratio and raises the detection limits. 

Moreover, DNA-based probes trend to suffer degradation inside the cell, which can subsequently 

lead to false positive signal (especially for MB) and or a decrease in the overall sensitivity or 

selectivity of the assay.77,82  
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Therefore, it is imperative to be able to construct reliable and stable nucleic acid probes for 

both intracellular and biosensor applications.   

Research Objective 

The overall goal of this research was the development of fluorescent molecular probes for 

both intracellular analysis and biosensor development. As described earlier in this chapter, the 

main requirements for these molecular probes are: high stability, reproducibility, selectivity and 

signal-to-background ratio. Consequently, a hybrid molecular probe (HMP) was developed and 

optimized to overcome the major stability problems of previous molecular probes for 

intracellular measurements.  

In addition, MBs were optimized with the ultimate goal of improving the selectivity, 

sensitivity and signal-to-background ratio for surface hybridization studies. In order to improve 

the existing MBs, locked nucleic acids (LNA) were used in the beacon design instead of regular 

DNA bases. Locked nucleic acids offer greater stability, affinity and lower background intensity 

compared to MBs with regular DNA bases and are ideal for hybridization studies. 
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CHAPTER 2 
HYBRID MOLECULAR PROBE: DESIGN, SYNTHESIS AND IN VITRO 

CHARACTERIZATION  

Introduction 

Gene expression studies in living cells present a significant challenge. As discussed in the 

previous chapter, one of the biggest difficulties is the specificity, sensitivity and signal-to-

background ratio of the probes. These problems require not only careful design of the molecular 

probes, but also a better understanding of target accessibility and probe–target interactions.83   

The central dogma of molecular biology reveals important processes that maintain our 

bodies working properly. It states that the DNA contains all the genetic information, which is 

transcribed to mRNA, and finally translated to proteins.84,85 This overall process, called gene 

expression is down regulated according to the specific needs of the individual. Therefore, 

measurements of changes in concentrations will provide important information for molecular 

biology and medicine. 

In this chapter, a complete description of the design, synthesis and characterization of the 

hybrid molecular probe (HMP) is reported (see Figure 1-5).  The experiments will show that 

HMP has the potential not only for mRNA/DNA detection capabilities but also for future 

applications in biomedical fields because of its specificity and sensitivity.  

Probe and Target Synthesis 

The β-tubulin sequence from Aplysia genes, which are highly expressed within Aplysia 

cells, was used. All the DNA reagents for the synthesis of HMP-tubulin and targets shown in 

Table 2-1 were purchased from Glen Research. These probes and DNA targets were synthesized 

with an ABI3400 DNA/RNA synthesizer. FAM core pore glass (CPG) was used for all FAM-

labeled probe synthesis, whereas Cy5 was labeled using Cy5 phosphoramidite. Specifically, 

spacer phosphoramidite 18 was used to incorporate varying lengths of PEG as a linker in the 
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HMP probe, in order to investigate the role of the effect of the number of monomer units: n= 8, 

12, 16 and 20. 

Table 2-1 Sequence of HMP probe and their targets  
Name Sequence 
HMP Probe 5′-Cy5-CTC ATT TTG CTG ATG ACG-(PEG)n-CTG TCT GGG TAC 

TCC TCC-FAM-3′ where n=8, 12, 16 and 20 units 
Target AT 5′-GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA 

CAG-3′ 
Target AA 5′-GCT CAT CAG CAA AAA* GAG GGA GGA GTA CCC AGA 

CAG-3′ 
Target AG 5′-GCT CAT CAG CAA AAG* GAG GGA GGA GTA CCC AGA 

CAG-3′ 
Target AC 5′-GCT CAT CAG CAA AAC* GAG GGA GGA GTA CCC AGA 

CAG-3′ 
Random  5′-TCT GTG TAA TCA ACT GGG AGA ATG TAA CTG ACT AGC-

3′ 
Target 1T 5′-GCT CAT CAG CAA AAT GAG TGG AGG AGT ACC CAG 

ACA G -3′ 
Target 3T 5′-GCT CAT CAG CAA AAT GAG TTT GGA GGA GTA CCC AGA 

CAG -3′ 
Target 5T 
 

5′-GCT CAT CAG CAA AAT GAG TTT TT GGA GGA GTA CCC 
AGA CAG -3′ 

Target 7T 5′-GCT CAT CAG CAA AAT GAG TTT TTT T GGA GGA GTA 
CCC AGA CAG -3′ 

* Letters in red represents a single base mismatch 

According to the manufacturer ’s recommendations, sensitively labeled reagents, such as Cy5, 

require the use of bases with special protecting groups. Therefore, for all Cy5-labeled probes, 

monomers with phenoxyacetyl-protected (deoxyadenosine, dA), 4-isopropyl-phenoxyacetyl-

protected (deoxyguanidine, dG), and acetyl-protected (deoxycytidine, dC) were used for the 

synthesis. Subsequently, deprotection of these monomers, along with the Cy5-labeled 

phosphoramidite, was performed via overnight incubation with a mixture of 0.05 M 

K2CO3/methanol. The solutions that resulted from deprotection were then precipitated in ethanol, 

and the precipitates were dissolved in 0.5 mL 0.1 M triethylammonium acetate (TEAA, pH 7.0) 

prior to purification with reversed-phase high-pressure liquid chromatography (RP-HPLC) on a 
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ProStar HPLC Station (Varian, CA) equipped with a fluorescent and photodiode array detector. 

A C18 reversed-phase column (Alltech, C18, 5 μM, 250 × 4.6 mm) was used for separation 

purposes. The product collected from the HPLC was vacuum dried and then mixed with TEAA 

for a second round of HPLC. The final product was collected and incubated with acetic acid 

(80%) for 20 min, followed by 200 µL of ethanol and subsequently vacuum dried. Quantification 

of the probes and targets were performed using UV-Vis spectrometry. Fluorescence 

measurements were performed using a SPEX Fluorolog spectrofluorometer from Horiba Jobin 

Yvon (Fisher Scientific Co., Pittsburgh, PA). The buffer used consisted of 20 mM Tris, 50mM of 

NaCl and 5 mM of MgCl2 with a pH of 7.5. 

Fluorophores Selection 

As described in Chapter 1, selection fluorophores plays an important role in the design of 

any fluorescence probe.  First, the efficiency of the energy transfer depends greatly on the 

selected dye, which is primarily because each dye covers a specific spectral region.  Second, the 

signal-to-background ratio can be significantly improved by the proper selection of the dyes. In 

addition, sometimes it is necessary to evaluate the experimental conditions, because factors such 

as pH and temperature can also affect the fluorescence characteristics of the fluorophores. 

Fluorescein (FAM, donor) and Cy5 (acceptor) were selected for the HMP design.  FAM 

will be the donor molecule and Cy5 will be the acceptor dye.  This dye pair was selected for the 

following reasons: the fluorescence emission of the two dyes is completely separated; the 

excitation of Cy5 caused by absorption of the FAM excitation light is negligible; and both dyes 

have a spectral overlap which allow the FRET.  Figure 2-2 shows the absorbance and emission 

spectra for FAM and Cy5.  The absorption and excitation wavelength of the dyes are: 488 nm 

and 520nm for FAM and 643 nm and 665 nm for Cy5. 
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Figure 2-1 Absorbance and emission spectra for FAM and Cy5.  Excitation of FAM occurs at 
488 nm with an emission at 520 nm, and for Cy5 the excitation and emission 
wavelengths are 643 nm and 665 nm, respectively.  
 

Proof of Principle for the novel HMP 

The effect of PEG length in the new HMP was investigated in order to understand the 

function of the polymer and therefore, to identify if it interferes with the probe-target 

hybridization. As a proof of concept, an experiment was conducted, using HMP-16 with both 

random DNA and a perfectly complementary sequence as target (cDNA) in a Fluorolog-Tau 3 

spectrometer. The buffer used for all the in vitro experiments consists of 20 mM Tris, 50mM of 

NaCl and 5 mM of MgCl2 with a pH of 7.5. Each solution contained 200 µL buffer and adequate 

probe and target to make a final concentration of 300 nM. After mixing, the emission intensities 

at 520 nm (donor) and 665 nm (acceptor) were monitored as a function of time, and the results 

are shown in Figure 2-2. This experiment confirmed that the probe response was due to specific 

DNA hybridization. As expected, there was little or no change from the HMP when the random 

sequence was added, confirming that the hybridization was specifically due to the HMP-target 

hybridization.  
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The graph shows the hybridization in terms of ratio versus the time taken for the probe to 

reach the equilibrium. The ratio represents the intensity of Cy5 and FAM (I665nm/I520nm) after 

target addition. Ratiometric measurements represent an enormous advantage for this probe 

because allow to compensate for light source fluctuation. In addition, HMP was able to hybridize 

with the target without any separation step. This minimizes the assay time, and allows a real time 

detection of target molecules without the need of separating unbound probe. Finally, this result 

not only showed that HMP hybridizes with the complementary target sequence but also is an 

indication of its selectivity since no signal was observed from the random DNA. 
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Figure 2-2 Hybridization of HMP-16 with the target cDNA and with a random DNA sequence 

Figure 2-3 shows the emission spectra before and target addition and after equilibrium was 

reached (at 488 nm excitation and temperature of 25 ºC). The intensity changes show that FRET 

occurred only when the perfect complementary DNA target was added to the buffer solution. 

This phenomenon is mainly due to the close proximity of the dyes upon target hybridization. 

Therefore, the fluorescence signal of FAM at 520 nm decreased (donor molecule), while the Cy5 
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fluorescence intensity increased at 665nm (acceptor molecule). This data provided evidence with 

no doubt that the system has undergoes FRET. 

 

 

Figure 2-3 Emission spectra of the HMP-16 before cDNA (tg) addition and after the equilibrium 
was reached.   

Linker Effect in HMP  

Design of HMP incorporates PEG for several reasons: 1) it is compatible with the 

phosphoramidite chemistry (which allows the integration of as many units as desired), 2) it is 

soluble, 3) it is non-toxic, 4) it provides mobility to the attached DNA sequences and 5) it lacks 

of interaction with the nucleotides bases.86 The main purpose of the linker is to tether the two 

DNA sequences together without interfering with the hybridization with the target.  It provides 

easy binding with the target, because only one whole molecule can be bound, instead of two 

separate DNA strands. Therefore, the polymer length must be carefully optimized to keep the 

two sequences free to bind to their target, while still allowing the two sequences to have 

relatively high local concentration to each other. The effect of linker length was determined via 

the same experiment design described above (300 nM probe concentration) using HMP-8, 12, 16 
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and 20 with cDNA as the target. As shown in Figure 2-4, HMP-8 resulted in an intensity ratio of 

7 compared to 12.5, 22 and 13 for HMP-12, 16 and 20 respectively.  
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Figure 2-4 Effect of the PEG linker on the hybridization of HMP with the target 

The low intensity ratio for HMP-8 can be attributed to the poor hybridization efficiency of the 

probe and target. Destabilization can also occur when the linker is too long. The low signal ratio 

of HMP-20 could be the result of multiple target binding. When the linker is too long it allows 

the two DNA strands to hybridize multiple targets and energy transfer is not likely to occur from 

the donor to acceptor.  In addition, a very large linker length decrease the signal to the point that 

the advantage of using linking DNA fragments disappeared.86  

Because the highest signal increase was found with HMP-16 this probe was used for the 

subsequent experiments.  

Fluorophores Distance 

Theoretically, FRET is a phenomenon that should be involved in HMP; however, static 

quenching can play a significant role in the target hybridization and can decrease the signal 
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enhancement.  When HMP binds with the target it brings the two fluorophores together, and this 

proximity allows FRET to happen. However, if the two fluorophores are too close to each other, 

static quenching can quench two fluorophores and decrease the overall signal enhancement. 

Therefore, the following experiments were performed to optimize the acceptor-donor distance 

and maximize FRET efficiency. The probe used was HMP-16 and the targets were synthesized 

by incorporating extra nucleotides (thymidines) at the halfway point between the perfect 

complementary sequences (targets 1T, 3T, 5T and 7T in Table 2-1). Figure 2-5 shows the results 

for this experiment where I 665/ I 520 nm ratio is plotted versus the number of bases added in 

the target. The graph shows that the energy transfer of the HMP is directly related to the 

fluorophores distance; increasing the distance between the dyes, lowers the intensity ratio. As a 

result, energy transfer is lower when the distance between the dyes is increased. Thus, the 

highest intensity ratio resulted from the target with the perfect complementary sequence (0T 

bases). This experiment proved that the fluorophores have to be in direct contact to obtain the 

highest FRET efficiency. Although, the scope of this experiment was not to determine the 

Förster distance, it was clear that the two fluorophores must be close in proximity. 

 

Figure 2-5 Effect of distance of the Acceptor-Donor dye pair on I 665/I 520 ratio  
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Selectivity of the HMP 

For biological applications, it is very important for the HMP to be able to distinguish 

between the target molecules and other molecules. In an attempt to observe the specificity of the 

HMP, target sequences were prepared with a single base mismatch, as shown in Table 2-1. The 

degree of discrimination (selectivity) of the HMP is shown in Figure 2-6.  As expected, the 

highest intensity ratio was produced by the target with the perfect complementary sequence, with 

the mismatched sequences showing varying results. Although, the signal did not show significant 

differences, HMP has potential for monitoring a single-base mismatch in the target. This 

capability can be important for single polymorphism detection.  The differences in signal could 

be due to the different affinities that each base has with a non-complementary base. 
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Figure 2-6 Hybridization of 300nM HMP-16 to same concentration of their targets. AT stands 
for the perfect matched target. Buffer used: 16mM Tris-HCl (pH7.5), 40mM NaCl, 
4mM MgCl2 and 20% DMF 

 



 

48 

CHAPTER 3 
COMPARISON OF THE HMP WITH MB AND OTHER MOLECULAR PROBES FOR 

INTRACELLULAR MEASUREMENTS  

Introduction 

Monitoring gene expression in living cells has long been of great interest and a challenge 

for many scientists in the field. As described in Chapter 1, well-known techniques such as 

Northern and Southern blot, in situ hybridization and RT-PCR, are time consuming and, in most 

cases, can yield only an average of millions of cells. To improve on methodologies, sensitive and 

stable nucleic acid probes must be developed.  

Molecular beacons (MBs) and hybrid molecular probes (HMP) have been developed and 

promise to have a significant impact in bioanalysis and biotechnology.8-10,68 The principles of 

MB design and use were described in Chapter 1. These new molecular probes offer several 

advantages over traditional DNA/mRNA techniques:  1) they have the ability to perform rapid 

and fully homogeneous analysis,13 2) recognition of the target and optical reporting occur 

simultaneously, which is an advantage for homogeneous high-throughput assays and real-time 

analysis; 3) as a result of DNA hybridization to complementary sequences, they are highly 

selective.17,87 On the other hand, the use of MBs for mRNA/DNA hybridization studies has 

several drawbacks. For example, it has been reported that the response of MBs is not static and 

can fluctuate between different conformations.48 As shown in Figure 3-1, the effectiveness of 

MBs is also hindered by degradation from cytoplasmic nucleases, protein interactions (with 

DNA binding proteins), destabilization due to thermodynamics fluctuations, and sticky end 

pairing (SEP) all which can cause false positive signals.11,17 SEP occurs when 2 or more MBs are 

hybridized with the target and the stem of one MB hybridizes with other MB stem forming a 

double helix and quenching the fluorescence of the MBs. This phenomenon can significantly 

decrease the overall fluorescence change in the assay.88 Finally, the closed state (off) form of the 
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MBs is in dynamic equilibrium with the open (on) form. Depending on the favorability of 

spontaneous loop opening, the resulting background signal can raise the detection limit. To 

address these limitations, an alternative probe for gene expression studies, the HMP, was 

developed and tested in vitro as described in Chapter 2. In this chapter, we report the 

investigation of the HMP for in vivo applications and compare it to other probes currently used 

for intracellular measurement. These experiments demonstrate the advantages of HMPs over 

MBs and linear probes for use in either hybridization studies or intracellular analysis inside 

single living cells.  

Protein binding

Sticky end pairing

Enzymatic
Cleavage

Destabilization
 

Figure 3-1 Concerns when using MBs for intracellular measurements 

Probes and Target Synthesis 

Molecular probes were designed based on the manganese superoxide dismutase (MnSOD) 

and β-actin gene sequences. MnSOD is one of the cells primary defenses against free radical 

damage by regulating reactive oxygen species (ROS). Stimulated levels of MnSOD enzyme have 

developed to address increased free radical production during an inflammatory episode and as 
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antiapoptotic agent.89,90 On the other hand, β-actin is highly express within human cells, whereas 

β-tubulin sequence from Aplysia gene is highly expressed within aplysia cells. The synthesized 

sequences are shown in Table 3-1.The DNA reagents for the synthesis of HMP-tubulin, HMP β-

actin, HMP MnSOD, MB-tubulin, MB-MnSOD and targets were purchased from Glen Research, 

and an ABI3400 DNA/RNA synthesizer was used for the syntheses.  

Table 3-1 Sequences synthesized for molecular probes and targets 

Probe Name Sequence 
HMP Tub 5′-CY5-CTC ATT TTG CTG ATG ACG-(X)16-TGT CTG GGT ACT 

CCT CC-FAM-3′  where X represent PEG 
HMP MnSOD  5′-Cy5-TCT TAC ATT GAC -(X)16-TTA GTT GAC CCC-FAM-3′  
HMP β-actin 5′-Cy5-AGA GCG CCT CAG GGC-(X)16-GGA AGG AAG GCT 

GGA-Oregon green-3′ 
MB Tub 5′-FAM-CGC ACC TCC TCC CTC ATT TTG CTG GGT GCG-

dabcyl-3′ 
MB MnSOD 5′ FAM-CCG AGC CAG TTA CAT TCT CCC AGT TGA TT G CTC 

GG-dabcyl -3′ 
MB control  5′-AF555-CCT AGC TCT AAA TCG CTA TGG TCG CGC TAG G-

BHQ2-3′ 
Reference Probe 5′- TCT AAA TCG CTA TGG TCG C-AF488-3′ 

Target Name Sequence 
β-tubulin 5′-GCT CAT CAG CAA AAT GAG GGA GGA GTA CCC AGA 

CAG-3′ 
β-actin 5′- GCC CTG AGG CGC TCT TCC AGC CTT CCT TCC-3′ 
MnSOD 5′-GTC AAT GTA AGA GGG TCA ACT AA- 3′ 
Mismatch AA 5′- GCT CAT CAG CAA AAA GAG GGA GGA GTA CCC AGA 

CAG-3′ 
Mismatch AG 5′-GCT CAT CAG CAA AAG GAG GGA GGA GTA CCC AGA 

CAG-3′  
Mismatch AC 5′-GCT CAT CAG CAA AAC GAG GGA GGA GTA CCC AGA 

CAG-3′ 
 

FAM CPG was used for all FAM-labeled probe synthesis, while Cy5 was labeled using Cy5 

phosphoramidite. Spacer phosphoramidite 18 was used to incorporate PEG as the linker in HMP 

probes. The MBs were synthesized using dabcyl CPG and FAM phosphoramidite. Deprotection 

of the monomers and the Cy5 labeled phosphoramidite was performed using overnight 

incubation with 0.05M K2CO3/methanol. The solutions resulting from deprotection were 
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precipitated in ethanol. The precipitates were then dissolved in 0.5mL 0.1 M TEAA (pH 7.0) 

prior to purification (twice) with RP-HPLC as described in Chapter 2. The reference probe, as 

well as the control MB, (based on published mRNA sequences) were synthesized by 

Genomechanix (Gainesville, FL). Alexa Fluor 488 (AF488) and Alexa Fluor 555 (AF555) were 

purchased from Molecular Probes (Eugene, OR).  The quencher used for the control MB was 

Blackhole Quencher 2 (BHQ2). 

Fluorescence Measurements 

The in vitro experiments were performed using a SPEX Fluorolog spectrofluorometer from 

Horiba Jobin Yvon (Fisher Scientific Co., Pittsburgh, PA). The buffer for all in vitro 

hybridization experiments consisted of 20 mM Tris, 50mM of NaCl and 5 mM of MgCl2 with a 

pH of 7.5. The data was plotted and analyzed as the first derivative of the melting curve versus 

the temperature. The first derivative provides a mathematical formulation of the rate of change in 

fluorescence over the range of temperatures. 

Thermal Stability 

The solutions were excited at 488nm and monitored at 520nm and 665nm from 15 ºC to 95 

ºC.  Using a water bath (RTE-111 from Neslab), the melting temperatures were found for the 

respective hybridized probes. The instrument was settled in a way that increases one degree and 

holds for 3 mins, reading the fluorescence at 3 different channels afterwards. 

Cell Preparation 

MDA-MB-231 breast carcinoma cells (American Type Culture Collection, Manassas, VA) 

were maintained in Dulbecco’s Modification of Eagle’s Medium (DMEM, Fisher Scientific) 

with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 0.5 mg/ml Gentamycin (Sigma, St. 

Louis, MO) at 37oC  in 5% CO2/air.  Cells were plated on 35mm glass bottom culture dishes and 

grown to 80% confluency (MatTek Corp., Ashland, MA) for 48 hours prior to injection. To 
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stimulate MnSOD mRNA expression, cells were incubated in 1μg/ml lipopolysaccharide (LPS) 

from E. coli serotype 055:B5 (Sigma, St. Louis, MO) for 4 hours prior to injection. 

Fluorescence Imaging  

Fluorescence imaging was conducted with a confocal microscope setup consisting of an 

Olympus IX-81 inverted microscope with an Olympus Fluoview 500 confocal scanning system 

and three lasers, a tunable Argon Ion laser (458nm, 488nm, 514nm), a green HeNe laser 

(543nm), and a red HeNe laser (633nm) with three separate photomultiplier tubes (PMT) for 

detection.  The cellular images were taken with a 40x 1.35 NA oil immersion objective.  A 

Leiden microincubator with a TC-202A temperature controller (Harvard Apparatus, Holliston, 

MA) was used to keep the cells at 37oC during injection and monitoring. An EXFO Burleigh 

PCS-6000-150 micromanipulator was used for positioning the injector tip. An Eppendorf 

Femtojet microinjector with 0.5μm Femtotips was used to inject the molecular probes and 

reference probe into the cells. The reference probe with AF488 was excited at 488nm and 

collected at 520nm.  The control MB with AF555 was excited at 543nm and collected at 570nm.  

The Oregon Green (donor)/Cy5 (acceptor) HMPs were excited at 488nm and collected at 520nm 

and 665nm, respectively. Images were taken either every minute for 15 minutes, or every four 

minutes for 60 minutes, including an initial image after a brief focusing period to yield the 

highest intensity for the probe. The images were assigned color representations, which are not 

indicative of the actual emission wavelengths.  The data collected from the confocal microscope 

were analyzed using the Fluoview analysis software.  Ratiometric analysis of the HMP and 

single strands was performed by dividing the fluorescence emission of Cy5 at 665nm by the 

emission of Oregon green at 520nm:  

Ratio = I Cy5 665nm / I FAM 520nm 
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where I Cy5 665nm and I FAM 520nm refer to the emission intensities of Cy5 and FAM dyes that were 

collected at 665 nm and 520 nm, respectively.  

The control MB data were analyzed using the following equation: 

Ratio = (Sbeacon - Bbeacon)/(Sreference - Breference) 
 
where Sbeacon is the signal of the beacon in the open state form (570 nm), Sreference is the signal of 

the reference probe collected at 520 nm, and Bbeacon and Breference are the backgrounds of the 

beacon and reference probe, correspondingly. The Bbeacon and Breference signals were obtained from 

a region outside of the cell monitored in the 570 nm and 520 nm channels, respectively. 

Ratiometric analysis has the advantage of normalizing the fluorescent intensities by 

compensating for the instrumental and experimental variations inherent in intracellular analysis. 

Comparison of HMP with and without PEG as a linker  

The main objective of this experiment was to investigate how the polymer linker affects 

HMP hybridization and equilibrium. To accomplish this, HMP β-tubulin sequence from Aplysia 

genes was synthesized with a 16 units spacer (Table 3-1). These genes are highly stable and 

highly expressed within Aplysia cells. Subsequently, the same sequence was used to synthesize 

the equivalent probes without PEG as a linker, i.e. two separate DNA probes. The I 664/I 520 nm 

ratio (Figure 3-2) was measured for both DNA probes (300 nM probe concentration) for different 

concentrations of targets. Figure 3-2 shows that HMP was able to detect concentrations as low as 

0.70 nM target solution, while the single stranded DNA probes without the PEG spacer required 

at least 7.2 nM target.  Also, these probes were found to differ in their respective dynamic 

ranges. Specifically, HMP (with the linker), has a larger dynamic range than the probe without 

the linker. This is explained in that the PEG linker keeps the two DNA strands in close proximity 

allowing the binding of the HMP to the same target, even at high probe:target ratios. In contrast, 

the DNA strands without the PEG linker showed a decrease in fluorescence, even when the ratio 
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of probe:target was one to one. This response occurs because two single-strand probes tend to 

bind to different target molecules when the target is in excess. This decreases the energy transfer 

of the single strand probes. However, the response of HMP (with linker) shows that the tethering 

of the probes facilitates the hybridization with the target, because both ends of HMP bind to the 

molecule, and bring the energy transfer pair into close proximity. 

 

Figure 3-2 Influence of the concentration of target in the hybridization with single strand probe 
(no PEG linker) and HMP (with PEG linker). A) HMP shows better hybridization 
efficiency at higher concentrations of target. B) Hybridization of the probes at lower 
concentrations. Ratiometric analysis of the probes was performed by dividing the 
fluorescence signal of Cy5 at 665nm by that of FAM at 520nm. Three replicates were 
performed for each target concentration. 

An accurate and reliable way to predict the stability of DNA-based probes, targets and the 

resultant duplex is by evaluation of the duplex melting temperatures, Tm, which is the 

temperature at which one half of the duplexes have dissociated into the corresponds two single 

strands. The DNA probes were hybridized using a one-to-one probe:target ratio at a 

concentration of 300 nM each. The probes were excited at 488 nm and monitored at 520 nm and 

665 nm for both the HMP and the two single DNA strands. The fluorescence intensity for each 
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probe was measured from 15 ºC to 95 ºC at intervals of 1ºC with holding times of 3 minutes. The 

melting temperature for both probes is shown in Figure 3-3.  
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Figure 3-3 Melting temperatures for HMP (with PEG) and single stranded probes (no PEG). 
Higher melting temperature of the HMP indicates higher stability of the duplex over 
the single strand probes without PEG. Calculation of the melting temperature values 
for each probe was determined as described in the materials and methods section. 

The melting temperatures of the HMP and the probe with no linker were 67 and 30°C, 

respectively. The higher melting temperature of the HMP indicates increased stability over the 

probe without the polymer linker, especially at physiologically relevant temperatures. Since PEG 

dramatically increases the local concentration of one DNA strand to another, its importance as a 

linker is clearly demonstrated. Furthermore, the local concentration effect facilitates probe 

hybridization and stabilizes the hybridized product. This is important in intracellular applications 

taking place at 37°C, because the duplex of the HMP and its target will be stable at that 

temperature while the duplex of the target and the probe with no linker will not be stable. 
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Comparison Experiments between the HMP and MBs 

As mentioned in the previous discussion, MBs have already been used for hybridization 

studies with some degree of success. Therefore, a set of experiments was design to compare 

HMP to MBs on the basis of parameters such as kinetics and stability, both in vitro and in vivo.  

In particular, and as a further test of their utility, the performance of each type of probe inside 

single living cells will be explored. 

Kinetics 

Since the intensity ratio correlates to the overall mRNA expression, it is important that the 

signals reach equilibrium as quickly as possible.  If the probe requires too much time to reach 

equilibrium, the effectiveness of a probe for intracellular measurements is compromised. Hence, 

for intracellular experiments, faster hybridization kinetics is desirable.  Experiments were 

conducted using 300 nM was used for the probes (HMP tubulin or MB tubulin) and the target in 

buffer solution and the intensity was measured as a function of time after mixing. 

As results in Figure 3-4 demonstrate, the HMP shows a faster hybridization rate compared 

to that of the MB. Hybridization of the HMP reached maximum intensity (>90 %) in less than 

400 seconds upon target addition. 

On the contrary, intensity of the MBs continued to increase, even at 600 seconds after 

target addition. Compared to MBs, the HMP exhibits a faster and more efficient hybridization 

mechanism, possibly because HMP, unlike MBs, has a flexible linker allowing its two strands to 

stay together in a single open state. In the MB, the stem portion of the probe must open prior the 

detection of the fluorescence signal. Consequently, MBs require additional time to transition 

from the closed state of the beacon to the open state in order to hybridize.  This is not the case for 

the HMP, which is always in an open state, and thus requires less time to hybridize to its target 

and reach a state of equilibrium.  



 

57 

 

0 200 400 600 800 1000

0

2

4

6

8

10

12

14

16

18

S
ig

na
l E

nh
an

ce
m

en
t

Time (s)

 MB
 HMP

   

Figure 3-4 Hybridization rates of MBs and HMP upon target addition. A faster rate of the HMP 
was observed when compared to that of the MBs.  

Selectivity of the HMP and MB 

The selectivity of a probe is characterized by the ability to recognize minor differences in 

target sequences. To test selectivity, the equilibrium intensity ratios were measured for 

hybridization to target sequence with the single nucleotide mismatch. HMP Tubulin and MB 

Tubulin, and the probe:target concentration were 300 nM. Figure 3-5 shows the response of MBs 

and HMP to targets with single base mismatch at position 15, AA, AC and AG (see Table 3-1).  

Under the experimental conditions, MBs showed about 8-fold signal enhancement with the 

perfect complementary sequences (AT).  When T, was changed to A, G, and C, the signal 

enhancement were 5.5, 4.5, and 2.5 respectively.  When the experiment was performed under 

identical conditions but with the HMP instead of MB, the highest signal enhancement was found 

with the perfect complementary sequence or AT, which resulted in a signal increase of 20. The 

single base mismatch targets: AA, AC, and AG targets showed a signal enhancement of about 
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12.5, 11, and 14, respectively. Although the signal enhancement of HMP was higher than the 

MBs, the selectivity of the HMP was slightly lower than the MBs, especially when T was 

replaced by C or G. The advantage of the MB over the HMP leaves room for future probe 

optimization, and one possible change of the HMP can be the addition of a hairpin structure.  
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Figure 3-5 Comparison of selectivity of MB (blue) and HMP (red). Both probes were hybridized 
under the same conditions. The selectivity of the probes to each target was 
normalized to the selectivity of perfect match target AT 

HMP and MBs reaction with Deoxyribonuclease Reaction 

There are different types of deoxyribonucleases (DNases) that cleave the backbone of the 

DNA. For example, some DNases can cleave a single stranded DNA, others just double-stranded 

DNA; some are able to cut anywhere along the chain, and others have very specific sequence 

requirements.  Deoxyribonuclease I, which was used for this set of experiments, cleaves at the 

phosphodiester linkage adjacent to pyrimidine nucleotides, yielding 5'-phosphate terminated 

polynucleotides with a free hydroxyl group on position 3'.  The HMP Tub and MB Tub (300 nM) 

were mixed with either DNase or with the complementary β-tubulin target (AT in Table 3-1) and 

the signal enhancement was monitored as a function of time.  The results in Figure 3-6 show that 

MB hybridization with the complementary sequence resulted in a ~12 fold enhancement and the 
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signal increased to ~16 as a result of DNase cleavage.  These results demonstrated that molecular 

beacons in the presence of DNase give false positive signals.  This phenomenon can be explained 

because DNase cuts the beacon sequence and destroys the integrity of the structure. 

Consequently, the fluorophore is no longer quenched by the quencher resulting in the 

fluorescence of the dye. The signal from MBs caused by DNase was actually higher than the 

signal with cDNA because the quencher and the fluorophore separate completely in the case of 

DNase digestion, while the fluorophore and quencher remain linked to each other by one 

fragment of the double stranded DNA in the cDNA case. 91 Conversely, HMP with the 

complementary sequence gave a signal enhancement of 16, and no false positive signal was 

observed for the DNase. However, a slight signal decrease was observed as a result of the linear 

probe degradation.  The decrease can also be explained because the DNase cut the probe in 

pieces causing a degradation of the HMP and therefore a decrease in the fluorescence intensity. 
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Figure 3-6 Comparison of the intensity of MB and HMP in terms of DNase reaction. Buffer: 
used: 20mM Tris, 50 mM NaCl, 5mM MgCl2 at a pH of 7.5. 

The performances of both HMP and MB were further tested with cancer cell (CEM) lysate. 

However, MB Tub responded immediately after the addition of cell lysate. With no target 
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sequence in the system, this false positive response could result only from the nuclease digestion 

or nonspecific protein binding. Conversely, the HMP Tub did not give any significant signal 

change when cell lysate was added. The false positive result from MB compromises its ability to 

detect intracellular nucleic acid targets, because it failed to differentiate cell lysate containing 

cDNA from cell lysate without cDNA (Figure 3-7). 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 indicating that HMP can be used in intracellular studies. 
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Figure 3-7 Response of MB and HMP to non-specific interactions. Response of 300nM HMP 
MB Tub(Left) and Tub (right) to  cell lysate with and without cDNA 

Biological Stability  

MBs and HMP were developed as tools for nucleic acid target detection. These 

fluorescence probes have relatively good selectivity and are designed to recognized target 

molecules based on Watson-Crick base pairing. However, DNA-based probes can also be 

affected by a number of factors such as protein binding and nuclease degradation in complex 

environments such as the inside of a cell. Consequently, we investigated the biological stability 

of the probes in the presence of deoxyribonuclease (DNase), effects of protein binding, and 

interactions with cell lysate. Two different sequences were synthesized and tested for the MBs 

and HMP to make sure the observed behavior is not sequence specific; tubulin and MnSOD (see 
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Table 3-1). Experiments similar to those reported in Figures 3-6 and 3-7 were performed using 

probe and reactant concentrations of 300 nM.  

Figure 3-8 shows a comparison of the responses of MBs and HMPs to the target and a 

several proteins and compounds in buffer solution. The probes were evaluated with two proteins 

known to interact with DNA, DNase I, which was described above, lactate dehydrogenase 

(LDH), which catalyzes the reversible interconversion of lactate and pyruvate. The probes were 

also tested in cell lysate to evaluate their overall stability in a complex environment. In the case 

of HMP probes, there was very little response in the presence of cell lysate, LDH or DNase 

interaction.  
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Figure 3-8 Stability of HMP and MB in the presence of cell lysate, LDH and DNase I. The 
fluorescence intensity was normalized respect to the maximum signal obtained in the 
presence of target at a concentration of 300 nM. Two different DNA sequences were 
studied: tubulin and MnSOD. 

However, addition of LDH to the MB solutions induced an increase in the fluorescence 

intensity resulting from the separation of the fluorophore and quencher. As long as the 

degradation or undesired binding of the MB results in the separation of the fluorophore and 

quencher, a fluorescent signal is produced that is indistinguishable from target hybridization. 
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Although HMP may also interact with the some of the proteins tested, it does not generate a false 

positive signal, which is a significant advantage for hybridization studies and/or intracellular 

measurements. 

Intracellular Measurements  

The experiments reported above have investigated the behavior of the HMP only in vitro, 

but it is more important to determine the performance of these probes in a cellular environment. 

Therefore, the next goal was to monitor the stability of the probes inside a living cell. In order to 

accomplish this, both the HMP and MB were delivered into human breast carcinoma cells and 

monitored every 4 minutes for one hour as shown in Figure 3-9. Neither the HMP nor the MB is 

complementary to a target inside the cell that is expressed at a detectable level. Ratiometric 

measurements were performed for the probes, preventing variability of the fluorescence signal 

due to scattering inside the cell, excitation source fluctuations, variation of cell volume and 

variation in microinjection delivery. A reference probe was injected along with the control MBs.  

The reference probe emits a stable and constant signal that acts as an internal standard for 

analyzing the signal from the MBs. Using this technique; signals originating from different cells 

can be directly compared. The probes had a concentration of 1 μM, and the signals from the 

cytoplasm were then measured along with those of the background. In each channel, the 

background signal was subtracted from both the MB signal and the reference signal, after which 

the ratio values were calculated. This experiment was repeated multiple times, and the results are 

shown in Figure 3-9. In all the cells, the control MB exhibited a significant increase in the 

fluorescence signal with time. As no target exists inside the cell to hybridize with the control 

MB, the resulting fluorescence signal must have resulted from the degradation of the probe or by 

interaction with cellular proteins during monitoring. As noted earlier, such conditions can result 

in false positive signals, which is a concern when using MBs for intracellular measurements. 
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Unlike the control MB, HMP remained dark inside the cells, as no appreciable signal 

enhancement was observed in the absence of target.  Therefore, the high stability of HMP inside 

the cells is yet another of the attractive features that this probes offers for intracellular imaging. 

 

Figure 3-9 Real-time monitoring of the MBs and HMP to test the stability inside single cells. 
HMPs showed high stability through out the monitoring period whereas MBs 
exhibited an increase in the fluorescence signal (false positive) due to degradation of 
the beacon structure or interaction with cell components. 

In a subsequent experiment, our main goal was to investigate the potential of the HMP for 

hybridization studies inside a cell was studying using human breast cancer cells. Figure 3-10A 

shows cellular measurements for the HMP β-actin for hybridized (top) and unhybridized 

(bottom) states inside a cell. β-actin was used as a target, because it is highly expressed in breast 

cancer cells (see Table 3-1). The images on the left side in Figure 3-10A represent the channel 

for the detection of Oregon green, while the images on the right side are for the detection of Cy5 

at 520 nm and 665 nm, respectively. In this experiment, Oregon green was used instead of FAM 

because Oregon green is more stable in the cellular environment; however, both dyes have the 

same spectral properties. The control HMP was monitored to detect any non-specific binding; 

however, the signal remained stable at very low levels throughout the monitoring period in the 

absence of its complement. On the contrary, the injected HMP β-actin showed an increase in the 
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fluorescence signal in the presence of the highly expressed mRNA sequence. The negative 

response of the control HMP is significant, because it indicates that the signal produced from the 

β-actin HMP inside the cell is a result of the hybridization with its mRNA complement and not a 

result of probe degradation inside the cell.   

 520 nm channel              665 nm channel520 nm channel           665nm channel  

Figure 3-10 HMP hybridized and unhybridized states inside the cell. A) TOP: Confocal images 
of the HMPs before and after hybridization with target; Bottom: Control HMP with 
no target inside the cell; B) Bar graph representation of β-actin HMP in the presence 
of the target (red), induction of HMP MnSOD (green) and control HMP (blue) where 
no induction was performed. 

If degradation had been taking place during the monitoring period, then the control HMP, as well 

as the β-actin HMP, would have been affected by equally producing the FRET signal. Figure 3-

10B shows a bar graph for HMP hybridization using the average equilibrium values of five cells 

from the images. The enhancement of HMP with the target resulted in more than 9-fold signal 

enhancement compared with the control HMP without the target. This result clearly 

demonstrates the effectiveness of HMP for use in hybridization studies in vivo. To verify that the 

control HMP was functioning properly, its complement (MnSOD) was stimulated. The control 
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HMP is complementary for Manganese Superoxide Dismutase (MnSOD). In cancer cells, the 

expression of MnSOD is significantly down-regulated and below the limit of detection for MBs 

and the HMP, but gene expression of MnSOD can be stimulated by incubating the cells with 

lipopolysaccharide (LPS). In the LPS-induced cells, the expression of MnSOD was readily 

detectable and showed a signal at least six times higher than that of the cells at basal expression 

levels.  These experiments demonstrate that the HMP can detect gene expression at the single-

cell level, and that the HMP is a viable molecular probe for intracellular mRNA expression. 

HMP for Surface DNA Hybridization Studies 

One of the advantages of the hybrid molecular probe (HMP) over conventional two-probe 

FRET systems is its larger dynamic range. Another advantage of using the HMP is that it can be 

used for surface hybridization applications, such as fiber optic DNA sensors, DNA arrays, as 

well as microchannels for nucleic acid detection (Figure 3-11). 

glass surface

Complementary Target

glass surface

 

Figure 3-11 Immobilization of HMP on the glass surface for hybridization studies 

HMP probe was prepared with the same sequence as HMP tub except that there were two 

biotins inserted in the middle of the PEG linker to improve the binding efficiency. The HMP 

tubulin sequence was 5′-Cy5-CTC ATT TTG CTG ATG ACG-(PEG)8Biotin2(PEG)8-CTG TCT 

GGG TAC TCC TCC-FAM-3′ whereas the target corresponds to 5′-GCT CAT CAG CAA AAT 
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GAG GGA GGA GTA CCC AGA CAG-3′. Before immobilization onto a streptavidin-coated 

surface, a solution test was performed, and it showed similar signal responses of the biotinylated 

probe compared to the probe without biotin. This indicated that biotin in between the linker did 

not interfere the binding of probe to its target.  Figure 3-12 shows the response of the 

immobilized probe upon the addition of target DNA, including images of HMP before and after 

target addition. 

0 1000 2000 3000 4000 5000 6000

100

200

300

400

500

600

700

800

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Time (Second)

 AM
 y5

-500 0 500 1000 1500 2000 2500 3000 3500 4000
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
y5

/F
AM

Time(Second)

Cy5C
FAMF

FAM CY5

FAM CY5

Before Hybridization

After Hybridization

 

Figure 3-12 Images show the hybridization of HMP with the target after immobilization onto the 
glass surface (left). Fluorescence intensity change of the FAM and Cy5 after target 
addition (top right). Cy5/FAM fluorescence ratio after hybridization with the target 
(bottom right) 

The surface was excited at 488nm, and the images were monitored at the two emission channels 

specific for FAM and Cy5, respectively. Before the hybridization, the 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 
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hybridization. Overall, the fluorescent intensity ratio of Cy5/FAM increased dramatically. The 

intensity values themselves showed large fluctuations due to disturbance of the detection system 

(Figure 3-12). By using the Cy5/FAM intensity ratio, the noise cancelled land a smooth 

hybridization result was observed. With ratiometric measurement capability, the new DNA probe 

design removes the internal fluctuations of the detection system and provides a more precise 

detection. 

Conclusion 

In this report, we have demonstrated the viability of using the HMP for hybridization 

studies both in solution and inside the cell. The probe was designed to take advantage of a 

fluorescent signal transduction mechanism that enables a very sensitive analysis at low 

concentrations and sample volumes. This enables the HMP to overcome major problems 

associated with traditional methods of gene expression analysis.  Specifically, the HMP signal 

enhancement can exceed baseline levels more than 20-fold. The HMP is very stable in a cell-like 

environment and has the further advantage of detection without separation. Although MBs have 

been used with relatively acceptable performance, their tendency to give false positive signals is 

a significant problem when used for intracellular measurements, as it is impossible to 

differentiate between target hybridization and false positive signals. In contrast, we have 

established in this report that the HMP has far less propensity for false positive signals and thus 

performs better than MBs inside single living cells. Overall, in this work, we have characterized 

HMP and demonstrated its potential for both in vitro and in vivo analysis. Among its many 

advantages, the HMP has also exhibited the ability to detect mRNA expression of different genes 

inside single cells from both basal and stimulated genes.  
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CHAPTER 4 
SURFACE HYBRIDIZATION STUDIES OF THE MOLECULAR BEACONS 

Introduction 

One of the most important aspects in the management of a disease is the detection of the 

disorder: the earlier the diagnosis, the better the chances for treatment and survival of the 

individual. Biosensors can be utilized for this purpose. A biosensor is an analytical device that 

incorporates a biological component, a transducer element and a signal or electronic processor. 

Figure 4-1 represents a typical DNA biosensor, where the different components can be observed 

such as sample, surface, transducer element, and the signal processor. Biosensors, such as DNA 

microarrays and/or DNA chips, have gained popularity because they allow the measurement and 

detection of a high number of samples in a fast and simple set-up.  

 

Figure 4-1 Typical DNA biosensor components. Our work has focused on the use of channels, 
molecular probes and optical detection. 

Moreover, biosensors allow for real time detection of DNA molecules and gene expression 

changes.69,92-97 However, these results can only be achieved by efficient, reproducible, and stable 

immobilization onto specific surfaces.69,92,95-97 Most DNA biosensors are based on the detection 

of the DNA-DNA and DNA-RNA hybrids with the DNA probe immobilized on a transducer 

surface. Of the many varieties of DNA sensors the most common are: i) electrochemical-based 

sensor detection, which involves immobilization of the probe onto an electrode surface, and 
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target molecules are detected by changes in electron transfer98,99 and ii) fluorescence-based 

sensor detection, where immobilization is usually performed on glass surface, and target 

molecules are detected by changes in the fluorescence intensity.69,100,101Molecular Beacons is an 

example of a fluorescence-based probe (MB).37,100,102 These probes have been widely studied as 

DNA-based probe in DNA sensors with the aim of overcoming some drawbacks inherent in 

single-stranded DNA probes69,103-105 and DNA array applications.17,69,94,95,106,107 Specifically, Due 

to their inherent signal transduction mechanism, MBs provide superior sensitivity and selectivity 

over single-stranded DNA probes. In essence, this capability is a function of MB structure, as 

previously described in Chapter 1.  

In solution, MBs possess many attractive properties such as high sensitivity, selectivity and 

DNA detection that can be performed in real-time as the unbound probes do not need to be 

separated from the bound probes. However, the use of MBs for surface hybridization has been 

limited, mainly because enhancement of the immobilized MB decreases significantly when 

compared to that of the same MB in solution. Thus, whereas MBs can typically achieve 

fluorescence enhancements above 25-fold in solution,37,108 once immobilized these values drop 

to 2 to 5-fold.17,69,104,105,107 This behavior is mainly due to interactions of the MB with the surface 

which partially disrupt the loop and stem structure and can cause inefficient quenching,107 which 

is reflected in high fluorescence background signal.104,105 Some published studies have reported 

ways of improving MB performance on surfaces. For example, in order to have a more liquid-

like environment instead of liquid-solid interface, polyacrylamide and agarose gel have been 

used for MB immobilization.17,93 In other reports, investigators have achieved limited 

improvement by adjusting physico-chemical parameters such as pH and ionic strength, as well as 

the distance of the MBs to the surface. Despite these advances, further development of new DNA 
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probes having simple designs, low background signals, and high hybridization efficiencies, are 

still needed to match the performance and sensitivity of MBs in solution. In addition, improving 

MB performance on surfaces will be easily transferable to biotechnologies based on 

immobilization of nucleic acid probes on surfaces, such as DNA array and protein arrays-based 

on aptamers.  

In this study, we have modified and optimized the MB design by incorporating locked 

nucleic acids (LNA) in order to improve the performance of these probes on a solid surface for 

hybridization studies. As described in Chapter 1, LNA is a nucleic acid analogue containing a 

bicyclic furanose unit locked in an RNA mimicking sugar conformation.24 The methylene bridge 

that connects the 2'-oxygen and the 4'-carbon of the ribose ring confers higher structure rigidity 

to the LNA base pair, therefore preventing potential interaction with the surface and other 

molecules that might be present in solution. Furthermore, LNAs have a structure resemblance to 

RNA, which allows superior affinity and specificity towards the target strand when compared to 

that of DNA. 23 Other attractive properties of the LNA bases are high resistance against 

degradation and thermostability. All of these performance characteristics are reflected in low 

background signals, and efficient target hybridization.109,110 Despite these advantages the 

hybridization kinetics of the fully LNA modified MB are slow compared to that of DNA MBs, 

due to the slow stem dehybridization rate.110 Therefore, in this work, we have synthesized a MB 

with both regular DNA bases and with a combination of DNA and LNA bases. The ultimate goal 

was to compare their performances after immobilization onto a glass surface in terms of stability, 

background signal, thermodynamics, kinetics, selectivity, and sensitivity. This newly design MB 

can potentially be used for a more sensitive DNA array detection and other biotechnological 

applications.  
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Materials and Methods 

RMB and LMB for Surface Hybridization Studies 

The MBs sequences, complementary DNA and mismatch targets are and listed in Table 4-

1. All the DNA and LNA reagents for the synthesis of the beacons and targets were purchased 

from Glen Research. The probes and DNA complementary targets were synthesized with an 

ABI3400 DNA/RNA synthesizer (Applied Biosystems, CA). Blackhole quencher 2 (BHQ2) core 

pore glass (CPG) was used for all MB syntheses; Cy3 phosphoramidite was used to label the 

probes with Cy3, and Spacer phosphoramidite 18, was used to incorporate PEG as linker in the 

beacons. Biotin phosphoramidite was introduced for labeling at the 5’ terminus of the MBs. MBs 

containing LNA bases were synthesized using LNA phosphoramidites. LMBs were prepared by 

alternating LNA and DNA bases in both the stem and the loop (every other base). This design 

was chosen to take advantage of LNA bases without compromising the hybridization rate. In 

addition, the targets were prepared in such a way that the complementary sequence was not only 

complementary to the target but to the stem as well to make sure the beacons open in the 

presence of the target (shared stem target). Deprotection of the probes was performed using 

overnight incubation with ammonium hydroxide at room temperature. The solution resulting 

from deprotection was precipitated in cold ethanol. Subsequently, the precipitates were then 

dissolved in 0.5 mL 0.1 M TEAA for further purification with RP-HPLC. The product collected 

from the HPLC was vacuum dried and then mixed with TEAA for a second round of HPLC. The 

final product was collected and incubated with acetic acid (80%) for 20 min, followed by 200 µL 

of ethanol, and was then, vacuum dried. Quantification of the probes and targets were performed 

using UV-Vis Spectrometer as previously described in earlier chapters. 
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Table 4-1 Molecular beacons and target sequences 
Regular Molecular Beacon (RMB)  
No PEG 
 

5’-Biotin Cy3 CCT AGC TCT AAA TCA CTA TGG TCG CGC    
TAG G-BHQ2-3’ 

6 PEG units 
 

5’-Biotin PEG (X)6 Cy3 CCT AGC TCT AAA TCA CTA TGG      
TCG CGC TAG G-BHQ2-3’ 

12 PEG units 
 

5’-Biotin PEG (X)12 Cy3 CCT AGC TCT AAA TCA CTA TGG  
TCG CGC TAG G-BHQ2-3’ 

Locked Molecular Beacon (LMB) 
No PEGa 
 

5’-Biotin Cy3 CCT AGC TCT AAA TCA CTA TGG TCG CGC     
TAG G-BHQ2-3’ 

6 PEG units 
 

5’-Biotin PEG (X)6 Cy3 CCT AGC TCT AAA TCA CTA TGG    
TCG CGCTAG G -BHQ2-3’ 

12 PEG units 
 

5’-Biotin PEG (X)12 Cy3 CCT AGC TCT AAA TCA CTA TGG   
TCG CGCTAG G -BHQ2-3’ 

Target 5’-GCG ACC ATA GTG ATT TAG AGC TAG G-3’ 
Mismatch 5’-GCG ACC ATA GTG AAT TAG AGC TAG G-3’ 
a Red letters represents LNA bases 
b Blue letter represents the mismatch base  
 
Immobilization of the Probe onto the Glass Surface 

The microscope slides and cover slips used in the experiments were obtained from Fisher 

(optical borosilicate glass with a size of 18 x 18mm and 0.13 to 0.17mm thick). The surfaces 

were cleaned with a 3:1 ratio of conc. H2SO4 to 30% H2O2 (30%) to remove organic impurities. 

Subsequently, they were washed thoroughly with deionized water and dried with compressed 

nitrogen. Strips of double-sided tape (3M) were placed 3 mm apart on a microscope slide, and a 

cover glass was placed on top.  Channels were filled by capillary action. Solution exchange was 

performed by simultaneously pipetting solution at one end and withdrawing fluid from the other 

end with P8 filter paper (Fisher).111 The channels were washed twice with 10 mM phosphate 

buffer (PBS) at pH 7.4 before use. Next, 5 µL of 1 mg·mL-1 avidin was incubated in the channels 

for 5 min. The excess avidin was removed with PBS washes (20 µL, three times). The 

biotinylated MB (2.5 µM in PBS buffer) was incubated with the avidin treated channels for 10 
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min, and the excess of MB was removed with washing steps of PBS buffer. A solution of the 

complementary DNA (cDNA, in 20 mM Tris, 50mM NaCl and 5 mM MgCl2, pH 7.5) was 

incubated with the immobilized MB for 10 min, and finally, the surface was washed with PBS 

(20 µL, 3 times) to remove unbound reagents. Several images were collected at every step to 

obtain an average fluorescence, and the procedure was repeated and measured several times. 

Stability of the MBs at Different Temperatures 

The stability of the MBs at different temperatures (from 20 to 50 ºC) was studied by 

incubating the glass slide on a surface block dry bath (Barnstead Thermolyne Type 17600 Dri-

Bath). The samples tested at 4ºC were kept in the refrigerator prior to use to achieve the desired 

temperature. The probes were covered with aluminum foil to prevent any light damage to the 

probes. All the steps were performed under the conditions previously described and washes with 

PBS buffer (at the same temperature under study was used). Images of the glass slide were taken 

at every step as earlier detailed. 

Stability in Complex Matrices 

The stability of the system in complex matrices was studied by performing the experiments 

in cell lysate and serum media. Cell lysate solution was prepared according to commercial 

specifications from Cell Signaling Technology, Inc. (Danvers, MA) and was kept at -20 ºC until 

analysis. Fetal Bovine Serum (FBS, heat-inactivated, GIBCO) was obtained from Invitrogen 

(Carlsbad, CA). For this set of experiments, buffer, cell lysate, and FBS were incubated for 10 

min with the immobilized MBs. In addition, target solutions were prepared in buffer, cell lysate 

or FBS for a final concentration of 10 µM and were subsequently incubated with the 

immobilized beacon. Then, fluorescence measurements were performed following the same 

immobilization conditions previously described.  
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Fluorescence Imaging 

Fluorescence imaging was performed with a confocal microscope setup consisting of an 

Olympus IX-81 inverted microscope with an Olympus Fluoview 500 confocal scanning system 

and a green HeNe laser (543 nm), with a photomultiplier tube (PMT) for detection. The images 

were acquired with a 10x/0.30 NA objective. Cy3 labeled MBs were excited at 543 nm and the 

emitted light was collected at 560 nm with a long pass filter. The data collected from the 

confocal microscope were analyzed using the Fluoview analysis software.   

To make sure the images were obtained from the brightest point of the channel, the 

microscope was focused onto the surface of the microslide, followed by a zeta section scan to 

capture the brightest image at a specific zeta position. Subsequently, all the images from avidin, 

immobilized MB and target addition were obtained at the same position for that particular 

channel. This position may vary for each channel; therefore, the zeta position was calculated for 

each immobilization.  

The data collected from the images were analyzed and the fluorescence enhancement was 

calculated using the following equation: 

Fluorescence Enhancement = (SMB open – Bavidin)/(SMB close – Bavidin) 

where SMB open is the signal of the beacon in the open state form (hybridized with the target), SMB 

close is the signal of the MB in the close state form (unhybridized) and Bavidin is the background 

fluorescence intensity corresponding to the immobilized avidin in buffer solution. An average of 

the fluorescence was determined by taking several images from the same channel.     

 Kinetics experiments were performed using confocal microscopy by taking images of the 

hybridization with the target every 3 seconds for 10 min. Each image was analyzed by taking the 

average fluorescence intensity at the determined zeta position. 
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Results and Discussion 

Molecular Beacon Designs and Surface Immobilization 

In previous reports, fully modified LNA beacons have shown higher sensitivity and 

relatively slower hybridization rates than the counterpart DNA MBs.109,110 By decreasing the 

percentage of LNA bases in the stem and the loop, LMB can  retain the affinity and the stability 

of the LNA bases without compromising the kinetics and hybridization rate of the assay. Thus, 

LMBs with alternating LNA and DNA bases in both the stem and the loop (every other base) 

were utilized for this study. In addition, it is well known that LNA bases have a strong affinity 

for complementary LNA bases.23 Therefore, targets were prepared such that the cDNA sequence 

was complementary not only to the loop of the MBs, but to the stem as well (also known as a 

shared stem target).  

In this study, MBs were immobilized on a glass surface via an avidin-biotin interaction. Its 

strong affinity and stability, as well as the easy incorporation of the biotin group into 

oligonucleotide sequence make it ideal for surface immobilization. As shown in Figure 4-4, the 

biotin molecule was attached at the 5' end of the MB followed by a PEG linker to increase the 

distance of the MBs to the glass surface. Advantages of PEG include its great solubility and 

hydrophilicity and easy incorporation into DNA sequences using standard phosphoramidite 

chemistry. Furthermore, PEG does not possess any charge and therefore, has limited electrostatic 

interactions, and does not precipitate or aggregate at the glass surface.112 Finally, since PEG adds 

flexibility to an otherwise rigid oligonucleotide structure, the PEG linker facilitates efficient 

immobilization onto the solid surface and further hybridization with target molecules. 

The length of the PEG was a key factor in the MB design, and care was taken to ensure 

that the linker was neither too short nor too long, either of which could affect hybridization 

efficiency. Therefore, sets of LMBs and RMBs with different distances between the biotin group 
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and the sequence were initially designed by incorporating 0, 6 and 12 units of PEG, as shown in 

Table 4-2.  

 

Figure 4-4 Schematic representation of the molecular beacon biosensor immobilized on a glass 
surface. The images on the right represent MB hybridization before and after addition 
of cDNA 

The initial background fluorescence of the beacons in the absence of complementary DNA, 

as well as the fluorescence change after target addition were evaluated, and the results are 

summarized in Table 4-2. For the regular molecular beacon (RMB) the background fluorescence 

slightly increased when 6 units of PEG were incorporated in the sequence. However, for the 

RMB with 12 PEG the resulting background was ~5-fold higher than RMBs containing zero and 

6 PEG linker units. On the other hand for the LMB the background intensity remained similar 

and stable regardless of the length of the linker, and most importantly, lower than that of RMB 

(around 2.5 times). Moreover, the signal was comparable to the one obtained from the system 

background (avidin-coated surface, ~160 ± 10). These data support previous reports, which 

concluded that destabilization of regular DNA-based-MB occurs after immobilization, resulting 

in inefficient quenching, that is reflected in high background signal.69,107 This is one of the major 

limitations of using MBs for surface immobilization. However, the addition of LNA bases into 

the beacon for hybridization studies brings stability and minimizes surface-glass interactions. 
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Moreover, LNA bases in the stem keep the fluorophore/quencher moieties in close contact, a 

phenomenon reflected in the low background signal. 

Table 4-2 Effect of different polyethylene glycol units (PEGs) on the background intensity and 
the overall fluorescence change after target addition 

Probes Background intensity (a.u.) Fluorescence change 
RMB   
0 PEG 510 ± 14 2.8 ± 0.4 
6 PEG 608 ± 113 7.9 ± 0.6 
12 PEG 2540 ± 220 1.2 ± 0.1 
LMB   
0 PEG 200 ± 14 2.8 ± 0.6 
6 PEG 258 ± 6 25 ± 5 
12 PEG 239 ± 28 6.1 ± 2 
 

On the other hand, a higher fluorescence change of the RMB after target addition was 

obtained when RMB contained a PEG linker between the biotin and the sequence, with a 

maximum signal enhancement when 6 PEG units were added. This result proves that the distance 

provided by PEG facilitates the accessibility of the molecular beacon for an efficient 

hybridization with the target. Similarly, LMB with 6 PEG units produced the highest 

fluorescence enhancement upon target addition, a factor of 25 signal enhancement compared to 

2.8 and 6.1 for 0 and 12 PEG units, respectively. Thus, considering the similar background 

intensities of the LMB with different PEG units, we can conclude that the enhancement of the 

signal comes in this case from a more efficient hybridization when a linker with 6 PEG units is 

used, which may represent the optimum probe-to-surface distance. The addition of more PEG 

units (12 units) results in a longer and perhaps a more flexible linker, but the extended length and 

higher bulkiness of the linker can, at the same time, hinder hybridization with the target, 

resulting in the overall lower signal enhancement. Considering these results, the probes with 6 

PEG units were selected for further experiments. 
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Sensitivity and Selectivity of the Immobilized MBs 

In DNA arrays and biosensors, it is important to determine the minimum concentration of 

target molecules that can provide a measurable signal. Thus, in the following experiment, we 

investigated the ability of the immobilized MBs to detect different concentrations of target, 

ranging from 1 nM up to 100 µM, with the same concentration of MBs immobilized (initial 

concentration of 2.5 µM). However, it should be noted that only the initial concentration of MBs 

used for immobilization is known. As expected, the signal enhancements for both the LMB and 

RMB were observed to be proportional to the target concentration, and the saturation point for 

each beacon was 5 µM, as shown in Figure 4-5, with detection limits (DL) for RMB and LMB of 

25 nM and 7.5 nM, respectively.  
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Figure 4-5 Comparison of the influence of target concentration in the hybridization of the RMBs 
and LMBs (gray and black respectively). Left graph: calibration curve of the MBs 
upon hybridization with target from 0-100 uM. Right graph: the detection limits for 
both MBs at lower concentrations of target (0-500 nM) 

The lower background intensity of the LMBs compared to that of the RMBs allows the 

detection of the target, even at low target concentrations. On the contrary, the major drawback of 

the RMBs is the high background intensity that increases the amount of target needed for 

detection. In addition, it has been documented that LNA bases possess higher affinity23 for DNA 

bases than DNA itself, an important factor in the lower DL of the LMBs.  
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Biosensor accuracy is critical, particularly in DNA-based diagnostic devices. Therefore, 

the ability of molecular beacons to discriminate the perfect complementary target from other 

sequences is essential. For example, this discrimination ability is important in the diagnosis of 

genetic diseases, where detection of a single base mismatch (SBM) is needed. Thus, the 

selectivity of MBs immobilized onto the glass surface was also investigated. For this purpose, a 

sequence with a single base mismatch was synthesized and evaluated. It is well known that the 

location of the mismatch can affect the selectivity of the probe. In this analysis, the mismatch 

was positioned in the loop at a nucleotide complementary to a DNA base and not a LNA base. 

The signal enhancement was obtained for the perfect match and mismatch targets to compare the 

detection capabilities of RMB and LMB. The results in Figure 4-6, only the LMB was capable of 

detecting the mismatch, whereas the RMB mismatch signal was still within one standard 

deviation of the perfect match signal. Similar behavior was observed in solution, where the LMB 

showed selectivity superior to that of the RMB.109 The excellent discriminatory capability of the 

LMB can be directly attributed to the high affinity of the LNA bases towards DNA target 

molecules.113 
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Figure 4-6 Normalized fluorescence intensity of LMB and RMB upon hybridization with the 
single base mismatch (mismatch) and perfect complementary target (cDNA) 
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Thermal Stability of the Beacons 

In order to demostrate the improved stability and robustness of the sensor using LNA 

bases, the influence of incubation temperature was investigated. Figure 4-7 shows the 

background intensities of the beacons before target addition and the signal enhancements of the 

MBs after addition of the target sequence at 4, 20, 30, 40, and 50 ºC. As can be observed in the 

graph, the highest signal enhancement for RMBs was recorded at 20 ºC, with a 9.4-fold 

enhancement. Subsequent temperature increases caused a decrease in the signal enhancement of 

the RMBs to 3.4-fold, as a result of a significant and gradual increase in the overall background 

signal at higher temperatures. These results suggest thermal destabilization of the beacon 

structure, which compromises the stability of the probe-target complex. In addition, this increase 

in temperature is likely to unzip the bases of the stem and thereby decrease the rigidity of the 

RMB, forcing the beacon to melt and form fluorescence random coils.108 The random coil forces 

the fluorophore and quencher to separate, which causes an increase of background intensity.  In 

contrast, LMBs showed better stability, as can be observed from the steady background 

throughout the entire array of temperatures studied. This resulted in a stable enhancement signal 

over the entire range of temperatures, which in all cases was ~22, and was also clearly higher 

than the results for RMB, as demonstrated in the previous experiments. This improved 

robustness is a result of the intrinsic stability of LNA bases, bringing rigidity to the probe, which 

is necessary to maintain the beacon in the closed state form, even at higher temperatures. By the 

addition of the LNA bases in the beacon design, we have demonstrated that MBs with higher 

stability and reproducibility can be obtained, thus increasing the versatility of the sensor for 

extended applications. 
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Figure 4-7 Temperature effect on the stability of the MBs immobilized onto the surface. Black 
straight line: fluorescent enhancement in LMB; black dashed line: background 
intensity of LMB; grey straight line: fluorescent enhancement in RMB; grey dashed 
line: background intensity of RMB 

Hybridization Kinetics of the MBs 

The kinetic properties of the LMBs are relatively different from those of the RMBs. The 

percent of LNA bases in the MBs can greatly affect the hybridization efficiency, usually slowing 

the hybridization rate with the target DNA. In order to study and compare the hybridization 

kinetics of both immobilized molecular beacons, the fluorescent enhancement was monitored 

using the confocal microscope every 3 seconds for 10 min after addition of the target. As shown 

in Figure 4-8, the fluorescence signal of RMB reached hybridization equilibrium within 3 min, 

whereas the LMB signal slowly increased over time. This behavior, already observed in previous 

work, can result from the presence of a LNA-LNA base-pair in the stem of the LMB.110 The 

LMB has three LNA-LNA pairs in the stem (50%), which provide the beacon with great stability 

and affinity with itself, and make the stem dehybridization difficult and unfavorable. In order to 

know how the rates of LMB and RMB hybridization with target vary, we determined the initial 

rate for the hybridization of the beacons. The initial rate can be calculated from the slope of the 
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linear parts of the relative enhancement versus time plots within the initial 20 seconds (Figure 4-

8 right). The slope of the RMB is ~7 times higher and, therefore, faster than that of the LMB. 

Interestingly, this hybridization rate can be drastically accelerated by using more DNA bases in 

the stem of the LMBs or by decreasing the number of LNA bases in the stem. This can 

potentially reduce the energy barrier and speed up the opening of the beacon, but at the same 

time it decreases the stability of the LMB.110 Therefore, we believe that the hybridization rate 

exhibited by the LMB is still very reasonable for nucleic acid-based biosensors, because of the 

outstanding stability and high signal enhancement that the LNAs bring to the beacon structure. 
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Figure 4-8 Hybridization kinetics of RMB (gray) and LMB (black) immobilized onto the surface 
after target addition (left). Initial hybridization rate of the immobilized beacons is 
shown on the right. The date points correspond to the average of three independent 
experiments 

MB Sensitivity in the Presence of Complex Matrices 

Another important aspect in the study of RMBs and LMBs for use in surface immobilized 

biosensors is the ability of probes to detect a target in complex matrices. This is especially 

important in the early detection of various genetic diseases where rapid and sensitive detection is 

needed. Ideally, the MB signal should arise only by the detection of target molecules. However, 

this is not always the case, since degradation of the MB can occur because of cellular DNA 
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binding proteins and nucleases, resulting in false positive signals. Moreover, these proteins can 

hinder the ability of the MB to bind with the targets, thereby decreasing overall signal 

enhancement. Therefore, it is imperative to evaluate the performance of the molecular beacon-

based biosensor in complex matrices. Two different media, fetal bovine serum (FBS) and cell 

lysate, were selected, and the results are summarized in Figure 4-9. These matrices were selected 

because they contain many proteins, amino-acids, sugars and lipids that can potentially interfere 

with the hybridization efficiency and/or degrade the MB. As expected, the data revealed a 

decrease in the signal enhancement of the RMB in the presence of either FBS or cell lysate.  

0.0

0.2

0.4

0.6

0.8

1.0

FBS Cell lysate Buffer

N
o
rm

al
iz

ed
 f

lu
o
re

sc
en

ce
 i
n
te

n
si

ty
 

RMB
LMB

 

Figure 4-9 Normalized fluorescence intensity of the immobilized RMB and LMB after treatment 
with the target in fetal bovine serum (FBS), Cell lysate and PBS buffer solution  

Because the background intensity of the RMBs did not change significantly (data not shown), the 

decrease in signal enhancement must be due to matrix components, which impede RMB binding 

with the target. Also, it is possible that degradation of the loop sequence has taken place, since 



 

84 

the DNA bases in the loop are more exposed and, therefore, more prone to degradation than the 

DNA bases in the stem. This effect is not as significant in LMBs, since the signal enhancement 

appears to be unaffected after treatment with FBS and cell lysate. The degradation of the loop is 

less likely because of the inherent resistance of the LNA bases to the degradation typically 

caused by nucleases. Nonetheless, endogenous materials can still block hybridization with the 

target, which, to some degree, explains the reduction of the signal enhancement observed for the 

LMB. 

Conclusion 

We have developed a locked molecular beacon, which possess superior stability for surface 

hybridization studies. The incorporation of LNA bases into MB design allows us to take 

advantage of both the sensitivity of the MBs and the high binding affinity and stability of the 

LNA bases. Moreover, the incorporation of a PEG linker with the optimum length has 

considerably improved the target hybridization. Overall, the introduction of these modifications 

in the molecular beacon sequence has made it possible to achieve a signal-to-background of 25-

fold, considerably better than the previously best reported values of only 5.5-fold when regular 

MBs were used as immobilized probes. The biosensor developed with the probes was highly 

stable and robust, selective and sensitive, resulting in a promising design for use in a wide 

variety of biological and biotechnology applications.  

Future investigation of these probes will address the immobilization of multiple probes 

targeting different gene sequences. This will minimize the cost of the analysis by allowing the 

detection of multiple genes simultaneously. Furthermore, the development of DNA microarrays 

can permit clinical laboratories to utilize probes such as LMBs for diagnostic purposes and 

sensitivity assays for drugs obtained from human samples. 
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CHAPTER 5 
SUMMARY AND FUTURE DIRECTIONS 

Designing Nucleic Acids Probes for Biosensor Applications  

The use of molecular probes to help decipher processes at sub-cellular levels has been an 

important task for researchers over the last decade. However, only a few years after the 

completion of the Human Genomic Project, there is still only limited knowledge of the specific 

interactions of DNA and RNA leading to protein synthesis. Nevertheless, the knowledge gained 

so far has the impacted the biomedical field by shifting attention to the development of methods 

and techniques for the early detection and identification of disease biomarkers. The ultimate goal 

is to increase clinical success rates and reduce disease-related mortality in patients. However, in 

order to do so, we must have ultrasensitive methods and/or probes that are able to locate small 

amounts of DNA, RNA, proteins or other small molecules in body fluids and nucleic acid probes 

are playing key roles in this endevor. Although molecular probes can suffer from low sensitivity, 

selectivity and poor stability in a cellular environment; nucleic acid probes are excellent tools, 

which allow rapid, fast, simple and low cost analysis. Moreover, the development of novel 

fluorescence dyes and improvements in the instrument detection capabilities will continue to 

allow the construction of molecular probes with increased stability and sensitivity for 

bioanalytical applications.  

The work performed in this thesis focuses on the development and optimization of 

molecular probes for biosensor applications and intracellular measurements. The rationale 

behind that project was to create a nucleic acid probe capable of overcoming some of the 

limitations of molecular beacons and linear probes. A hybrid molecular probe (HMP) was 

designed with that purpose. The first experiments performed using the HMP involved the 

optimization of the probe in vitro, discussed in Chapter 2. After optimization of the HMP, 
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experiments were designed to compare the stability, sensitivity and selectivity of HMP with 

those of MBs and linear probes. When HMP was compared with linear probes, the former 

resulted in a larger dynamic range and lower limits of detection (0.7 nM for HMP and 7.2 nM for 

linear probes). In addition, HMP has greater thermal stability compared to linear probes as 

indicated by the higher melting temperature (67 ºC for HMP compared to 30 ºC for linear 

probes).  Furthermore, in comparison with molecular beacons, HMP resulted in no false positive 

signals and performed better than MB inside single living cells. The intrinsic signal transduction 

mechanism of the HMP facilitates a very sensitive analysis at low samples volumes. This probe 

can reach signal-to-background ratios above 20-fold. In addition, this probe is very stable inside 

cells, which is a great importance when using nucleic acid probes for intracellular measurements.  

Overall, in Chapter 3 of this work, we have characterized an HMP and demonstrated its potential 

for both in vitro and in vivo analysis and as a tool for hybridization studies. In addition, the HMP 

has exhibited the ability to detect the mRNA expression of different genes inside single cells 

from both basal and stimulated genes.  

Chapter 4, on the other hand, focused on the application of molecular probes for surface 

hybridization studies. The main purpose was to improve the existing MB in terms of sensitivity 

and overall stability after immobilization onto a glass surface. Therefore, we redesigned the MB 

by incorporation of LNA bases in the beacon design. This allowed us to take advantage of both 

the sensitivity of the MBs and the high binding affinity and stability of the LNAs. Whereas 

previous articles have reported a maximum signal-to-background ratio of only 5.5 when regular 

MBs (RMBs) where used as immobilized probes, here we report a locked MB that offers a 

signal-to-background ratio of 25. Furthermore, the immobilized using the locked nucleic acids 

MBs (LMB) is highly stable, selective, and sensitive indicating in a promising design to be used 
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in a wide variety of biological and biotechnology applications. In addition, the LMBs have lower 

background signals compared to RMBs, due to the rigid structure given by the LNA bases. The 

LMB was optimized in terms of the distance of the beacon to the surface by the addition of PEG 

linker units of varying lengths. The RMB showed signal-to-background ratio of 7.9 compared to 

25 for the LMB, because incorporation of LNAs minimizes the interaction with the surface and 

increases the stability of the beacon structure.  Moreover, the immobilized LMBs have much 

greater thermal stability. The LMBs showed no change in the background signal upon heating to 

50 °C, unlike the background signal increases observed for RMBs. Additionally, the LMBs are 

sufficiently stable on the surface that they show minimal or no signal variation in the presence of 

FBS and cell lysate components. Although the rate of hybridization with target can be 

compromised for the LMB, this factor can be easily manipulated by the removal of certain LNA 

bases in both the stem and the loop. On the other hand, replacement of LNAs with DNAs can 

influence the stability of the beacon on the glass surface. Overall, however, the hybridization rate 

exhibited by the LNA-based MB is very reasonable for nucleic acid based biosensors, given that 

regular DNA bases tend to interact with the surface resulting in inefficient quenching.  

Future Directions 

The monitoring of multiple genes has been limited primarily to a few techniques such as 

reverse transcritase polymerase chain reaction (RT-PCR), Western blot analysis, and in situ 

hybridization studies. However, Medley et al (2005) developed MBs for multiple genes in single 

cell in breast cancer cells.53 In spite of this accomplishment, Medley et al used microinjection for 

MB delivery, which limited the analysis to only few cells. The use of DNA microarrays 

alleviates this burden and promises to be an efficient solution for a high throughput, rapid, 

sensitive and low cost analysis as a diagnosis tool for diseases and biomedical research. 
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Therefore, the aim of the present work is the application of the improved LMBs for hybridization 

studies in the detection of multiple genes in vivo.    

The synthesis of β-actin MB, MnSOD and a control beacon will be performed according to 

the designs as shown in Table 5-1. As described in previous chapters, these gene sequences are 

ideal for this purpose because of the housekeeping gene β-actin sequence is highly expressed 

within cancer cells and MnSOD can be down-regulated by the use of LPS. Figure 5-1 shows a 

schematic diagram of the MBs (targeting multiple genes) immobilized onto a glass surface 

before and after the addition of the target sequence. Note that the beacons will be synthesized 

(with FAM, Cy3 and Cy5 as labels) and tested in vitro and then in vivo. Monitoring will be 

performed using the protocol previously described earlier in Chapter 4.  

Table 5-1 Probe and Target Sequences for Multiplexing Analysis 
Name Sequence 
β-actin 5′-Biotin PEG6 Cy5 CTC ATC TTG TTT TCT GCG CCC CGA 

TGA G BHQ3-3′ 
MnSOD  5′-Biotin PEG6 Cy3 TAT ACC ACT ACA AAA ACA GGC ACG 

GGT ATA BHQ2-3′ 
Control or 226 MB 5′-Biotin PEG6 FAM CCT AGC TCT AAA TCA CTA TGG TCG 

CGCTAG G BHQ1-3′ 
β-actin Target 5′-GGG GCG CAG AAA ACA AGA TGA G-3′ 
MnSOD Target  5′-CGT GCC TGT TTT TGT AGT GGT ATA-3′ 
Control Target 5′-GCG ACC ATA GTG ATT TAG AGC TAG G-3′ 
Red letters indicate bases containing LNAs 

The cell line that will be used for this analysis is MDA-MB-231 breast carcinoma cells. To 

stimulate MnSOD mRNA expression, cells will be incubated in 1μg/ml lipopolysaccharide 

(LPS) from E. coli serotype for 4 hours prior to preparation of the cell lysate. The cells will be 

treated with TRIzol Reagent in order to isolate the RNA of the cells.  

Another area for future investigation is the possibility of immobilization of multiple LMBs 

targeting different and more significant gene sequences. An example of this is the use of micro 
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RNA (miRNA) sequences, which have caught the attention of researchers in the last few years. 

Micro RNAs are single-stranded RNA molecules containing about 21-23 nucleotides that 

regulate gene expression.114 

 

Figure 5-1 Surface immobilization of MBs targeting multiple genes and the addition of the target 
molecules 

A deep understanding of miRNA will elucidate information about the different pathways 

of gene expression, since it is believed that expression of 30% of human genes may be regulated 

by miRNA.114 In addition, the mechanisms responsible for the effects of miRNA in animals cells 

are important research topics.115 The design of LMBs targeting miRNA sequences will aid in 

investigating the role of miRNA in cancergenesis. 

In addition, future applications of these probes involve their use in the study of disease 

states to investigate gene expression in single cells, including medical relevant areas, such as 

investigating the effects on gene expression in human breast carcinoma cells after treatment with 

chemotherapeutic drugs. Other issues of biological importance involve investigating mRNA 

expression patterns in single neuron cells as a means of exploring the processes involved in 
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memory and learning. Furthermore, plans to incorporate nuclease-resistant bases, such as LNAs 

into HMPs will allow extended measurements inside living cells, on the order of hours or even 

days. Ultimately, utilizing HMPs linked to cell-penetrating peptides may allow the delivery of 

HMPs to thousands of cells simultaneously. Development of such techniques may eventually 

permit clinical laboratories to utilize HMPs in fluorescent plate readers for diagnostic and drug 

sensitivity assays in cells obtained from human biopsy specimens. 

Another important development that has emerged in recent years is the use of aptamers as 

biomarkers for cancer cells. Briefly, aptamers are single stranded oligonucleotides having a 

definite 3D structures, selective to many target molecules (ions, proteins, organic molecules, 

cells) and are highly stable. Aptamers are selected from oligonucleotide pools by a process called 

Systematic Evolution of Ligands by EXponential enrichment or SELEX (Figure 5-2).116 

Aptamers can be slightly modified with LNAs bases for surface immobilization onto the glass. 

The goal is to establish a protocol that will allow the rapid, sensitive and reliable detection of 

cancer cells. In addition, protein detection can be performed, if the sensitive signal transduction 

mechanism of MBs is combined with the specificity of aptamers to create a MB aptamer.117 

Furthermore, modification of the MB aptamer can be performed by adding non-standard bases, 

such as LNAs to improve the performance of the probe in vivo. 

Finally, the aforementioned systems can be used for investigating mRNA as means of 

exploring highly important biological processes. This will minimize the cost of the analysis by 

allowing the detection of multiple genes simultaneously. Furthermore, the development of DNA 

microarrays can permit clinical laboratories to utilize probes such as LMBs for diagnosis and 

drug sensitivity assays. 
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Figure 5-2 Aptamer selection process: Systematic evolution of ligands by exponential 
enrichment (SELEX) 
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