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1.1 Fundamentals of Nucleic Acid 

 

Deoxyribonucleic acid, DNA is one of the most important molecules for every living life on 

earth. DNA was first identified and isolated as a distinct acidic substance stored inside nuclei 

in 1869 by Friedrich Miescher [1]. Thereafter, it took another 70 years to demonstrate [2] 

that this DNA molecule carried genetic information. Another important step in the DNA 

study was made in 1953 by Watson and Crick [3]. They proposed a three-dimensional, right 

handed double helical B-DNA model of the DNA structure. A further advanced 

experimental studies revealed that DNA has other double-helical forms such as A-DNA and 

also many other three-dimensional firms, including triple [4] and quadruple helices [5-10]. 

On the other hand, ribonucleic acid, RNA which is closely related to DNA and also 

biologically very important molecule only forms A-type double helical structure. 

 

The primary structures of DNA and RNA consist of phosphodiester-linked nucleotide units 

that contain a 2ˊ-deoxy–D-ribose or D-ribose sugar ring in DNA and RNA respectively and 

an aromatic nucleobases (Figure 1.1). The major bases are monocyclic pyrimidines or 

bicyclic purines. The major purines found in both DNA and RNA are adenine (A) and 

guanine (G). The major pyrimidines are cytosine (C), thymine (T) and uracil (U) in case of 

RNA. The resulting polynucleotide chain has a consistent 5ˊ→3ˊ polarity with both a 

negatively charged sugar-phosphate backbone and an array relatively hydrophobic 

nucleobases, amphiphilic features which ultimately drive the assembly and maintenance of 

secondary and tertiary nucleic acid structures.   

 

In nature, DNA does not usually exist as a single molecule, but instead as a pair of molecules 

that are held tightly together [3, 11]. These two long strands entwine like vines, in the shape 

http://en.wikipedia.org/wiki/DNA#cite_note-autogenerated2-9
http://en.wikipedia.org/wiki/DNA#cite_note-autogenerated2-9
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of a double helix. The nucleotide repeats contain both the segment of the backbone of the 

molecule, which holds the chain together, and a nucleobase, which interacts with the other 

DNA strand in the helix. A nucleobase linked to a sugar is called a nucleoside and a base 

linked to a sugar and one or more phosphate groups is called a nucleotide. A polymer 

comprising multiple linked nucleotides (as in DNA) is called a polynucleotide. The DNA 

double helix is stabilized primarily by two forces: hydrogen bonds between nucleobases in 

horizontal direction and base-stacking interactions among aromatic nucleobases in 

perpendicular direction [3].  
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Figure 1.1: The primary structures of DNA and RNA 

 

http://en.wikipedia.org/wiki/Double_helix
http://en.wikipedia.org/wiki/Nucleoside
http://en.wikipedia.org/wiki/Nucleotide
http://en.wikipedia.org/wiki/Polynucleotide
http://en.wikipedia.org/wiki/Hydrogen_bond
http://en.wikipedia.org/wiki/Stacking_(chemistry)
http://en.wikipedia.org/wiki/Aromatic
http://en.wikipedia.org/wiki/DNA#cite_note-Yakovchuk2006-14
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1.2 Hybridization Probe 

 

A hybridization probe is a fragment of DNA or RNA of variable length (usually 15-100 

bases long) which is used in DNA or RNA samples to detect the presence 

of specific sequences that are complementary to the sequence in the probe. The probe 

thereby hybridizes to single-stranded nucleic acid (DNA or RNA) whose base sequence 

allows probe-target base pairing due to complementarity between the probe and target. The 

probe-target base pairing usually occurs by its hydrogen-bonding capability where the probe 

itself hybridize to the target sequence. Protein probes interact with their specific target 

through a blend of forces such as hydrophobic, ionic and hydrogen bonding at only a few 

specific sites. Whereas, nucleic acid probes interact with their complements through 

hydrogen-bonding (Figure1.2), at tens, hundreds or thousands of sites, depending on the 

length of the hybrid [12]   

 

 

  

Figure 1.2: Sequence specificity of nucleic acid 

http://en.wikipedia.org/wiki/DNA
http://en.wikipedia.org/wiki/RNA
http://en.wikipedia.org/wiki/Complementarity_(molecular_biology)
http://en.wikipedia.org/wiki/Base_pair
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The probe is tagged or labeled with a molecular marker of either radioactive or non-

radioactive fluorescent molecules. The commonly used radioactive markers are 32P [13-15] 

and non-radioactive marker digoxigenin [16-17]. The probes whose fluorescence signal 

changes upon hybridization with a target sequence is referred as fluorogenic hybridization 

probe [18]. In an electrochemical DNA hybridization detector, a short ssODN (a single-

stranded DNA probe with 15–20 nucleotides long) is usually immobilized on a transducer 

(electrode) to create a DNA recognition element. The probe-modified electrode is then 

immersed into a solution of target DNA. When the target DNA contains a sequence that 

exactly matches that of the probe DNA, a hybrid duplex is formed at the electrode surface. 

In the absence of a complementarity between the probe and target, no duplex is formed. 

Hybrid formation is then translated into an electrical, analytically useful signal. Partial 

complementary binding of these DNAs may result, however, in a weak interaction that is 

more difficult to recognize.  

 

Utilizing fluorescent dyes, meanwhile, several types of fluorogenic hybridization probes 

have been developed until date [19-26]. In general, we can divide them in two groups: dual-

labeled and single-labeled probes. 

 

 The dual labeled probe utilizes an alteration of dye-dye interactions. The probe alone gives 

quenching effect by the close contact of the dye molecules. On the other hand, upon 

hybridization with a target sequence, the dyes are spatially separated which results in a 

significant fluorescence increase. These include either simplest linear probe or stem-loop 

structures probe (Figure 1.3). The fluorescence quenching in stem less dual labelled single 

stranded probe occurs by random probe coiling (Figure 1.4). A measurable change in 

http://en.wikipedia.org/wiki/Molecular_marker
http://en.wikipedia.org/wiki/Isotopes_of_phosphorus
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fluorescent intensity is accompanied by forming a duplex with the target. The energy 

transfer from the donor to the acceptor dye is the major mechanism of signal generation of  

 

Figure 1.3: Schematic diagram of linear and stem-loop probe [cited from ref. 27] 

 

  

a b 

  

 

Figure 1.4: Dual labelled single stranded linear probe. (a) In absence of target, fluorescence 

quenching occur through random coiling of the probe (b) In presence of target, probe 

hybridize with its target and give an intense fluorescence signal. [cited from ref. 28] 
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this type of probe [19]. The donor dye is fluorescent, while the acceptor dye can be 

fluorescent [19] or non-fluorescent [20-21]. On the other hand, stem-loop type dual labeled 

probe has a sequence recognition region located in the loop and the stem has fluorescent 

dye and non-fluorescent dye which ensures quenching property by making a close contact 

of the dyes [29].   

 

The single labeled probe utilizes the alteration of fluorescence efficiency of a single dye that 

takes place due to the hybridization event. This probe exploits the ability of the dyes to 

enhance fluorescence upon intercalation into double-stranded DNA. One example of such 

probe is hybeacon probes [22]. They are single-labeled oligonucleotides that increase their 

fluorescence upon hybridization. The inherent quenching ability of deoxyguanosine 

nucleotides has also been used to design single labeled probe formats (Figure 1.5) [23-26]. 

 

 

 

 
 

Figure 1.5: Schematic operation of singly labeled DNA-hairpins: The fluorophore is 

attached to the 5ˊ-end of the oligonucleotide and quenched by guanosine residues in the 

complementary stem via photoinduced intramolecular electron transfer. (cited from ref. 26) 
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1.3 Principles of Fluorescence Generation [30] 

 

In the last few years, there have been a tremendous growth in utilization of fluorescence in 

the field of biological sciences [31].   Fluorescence is a kind of luminescence which is 

resulted from the emission of light from a substance. This phenomenon is extensively used 

in biotechnology, medical diagnostic, DNA sequencing and other disciplines. The pattern 

of fluorescence emission is varied depending on the types of hybridization probes. It needs 

to have at least one fluorophore in the probes which has the capability to absorb energy from 

light and by transferring this energy internally emit this energy as light of a characteristic 

wavelength. A fluorophore is usually raised from its ground state to higher vibrational level 

of an excited singlet state by absorbing energy. Then, it loses some of its energy as heat and 

come back once again to a relatively stable lowest vibrational level of excited singlet state. 

Thereafter, it return to the ground state from this excited singlet state by the emission of 

light. This emitted light is usually termed as fluorescence. The process is depicted in the 

Figure 1.6.   

 

 

  

Figure 1.6: Different energy state of Jablonski diagram by absorbing energy and subsequent 

emission of fluorescence. 1, 2 and 3 express the stage of excitation, lifetime of excited state 

and fluorescence emission respectively [cited from ref. 31].  
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1.4 Fluorescence Signal Transduction 

 

Different types of fluorescent dyes like pyerene, perylene, FAM, TET, HEX, Cy dyes, TMR, 

ROX, Texas red, JOE, Oregon green, Rhodamine, Coumarin and others are used to design 

fluorescent probes. In addition to fluorophore, some quencher molecules are also used in 

the fluorescent oligonucleotide probes like DDQ-I, DABCYL, Eclipse, Iowa Black RQ, 

BHQ-1 and others. In case of single labeled probes, the signal transduction occurs by 

binding with nucleic acids. Fluorescent properties change by dye-nucleotide interaction due 

to the photo induced electron transfer between them. Crockett et al. reported the quenching 

properties of fluorescein oligonucleotide by interaction with deoxyguanosine nucleotide 

[24]. The dynamical behavior of electron transfer reaction between guanosine containing 

oligonucleotides and the covalently bonded Oxazine dye is also reported [32]. On the other 

hand, the transduction process of dual-labeled probes depends on the fluorescence 

quenching, fluorescence resonance energy transfer (FRET) and monomer-excimer emission 

switching with fluorophore. Energy transfer, quenching and excimer formation depend on 

the design of the probes. These three processes are mainly distance dependent. An alteration 

of fluorescence properties resulted due to the structural rearrangement occurred under the 

presence of targets.     

 

 

 

 

 

 



Chapter 1 
 

10 
 

1.5 Fluorescence Resonance Energy Transfer 

 

Fluorescence resonance energy transfer (FRET) is a dipole-dipole interaction that happen 

when two fluorophores come in close proximity and the emission spectrum of one overlaps 

with the excitation spectrum of others. The excitation of the acceptor fluorophore occurs 

due to the emission energy transfer from donor fluorophore [33, 34]. This is first described 

by Forster in the year of 1948 as Forster type energy transfer [35]. This non-radiative process 

is a process of energy transfer between a donor and acceptor molecule.  This process is 

mainly a distance dependent energy transfer mechanism. Generally the donor molecule and 

acceptor molecule are covalently attached at different location of a probe. At the same time, 

it is also necessary to overlap the absorption of excited acceptor partially with the emission 

of donor. Acceptor may be a fluorescent or non-fluorescent molecule. The transferred 

energy is usually emitted as fluorescence in case of fluorescent acceptor. While it lost the 

absorbed energy as heat in case of a non-fluorescent acceptor.     

 

1.6 Fluorescence Nucleic Acid Hybridization Probes 

 

Fluorogenic nucleic acid hybridization probes are newly developed probe that generate a 

characteristics fluorescence signal upon hybridization with complementary target nucleic 

acid sequence [36]. This is a highly useful and selective probes for analysis of many 

bioanalytes [37]. With inclusion of potent and relatively low cost fluorescent labelling agent 

(Figure 1.7), it has become a very attractive research field because it has numerous 

applications in detection and visualization of target oligonucleotides. It is also utilized to 

detect non-nucleic acid analytes like protein, metal ion and other small molecules. Several 

fluorescent hybridization probes have been used in the detection of nucleic acid. A brief 
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discussion on different types of fluorescent hybridization probes are discussed in the 

following which are cited from SAE Marras - Fluorescent Energy Transfer Nucleic 

Acid Probes, 2006 [30]. 
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Figure 1.7: Frequently used fluorescent labelling agent for designing fluorogenic probes 

 

1.6.1 Adjacent probes or LightCyclerTM hybridization probes 

 

Adjacent probe is a type of fluorescent hybridization probes that utilize two single stranded 

probes. One probe is labelled with a donor fluorophore molecule at one end of nucleic acid 

and the other is labeled with acceptor molecule at the other end.  Usually the donor molecule 

is attached to the 3ˊ-end, whereas, the acceptor molecule is attached to the 5ˊ-end of the 

respective single stranded probe. There is no energy transfer between them while they stayed 

free condition in solution without target. However, these probes bind to the neighboring 

http://scholar.google.co.jp/citations?user=pQsw6ocAAAAJ&hl=en&oi=sra
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sites on a target nucleic acid when they come in contact with their targets [38]. In the 

presence of target nucleic acid, the hybridization of the probe with target DNA is measured 

either by decreasing the donor fluorescence signal or by increasing the acceptor fluorescence 

signal through the fluorescence energy transfer from the donor to the acceptor. A schematic 

diagram of this kind of probes is shown in Figure 1.8. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Schematic overview of energy transfer and fluorescence signal generation in 

adjacent probes.  

 

1.6.2 TaqMan® probe or 5ˊ-Nuclease probes  

 

5ˊ-Nuclease probe (Figure 1.9) is a single stranded hybridization probes simultaneously 

labelled with a fluorophore acts as the donor and a quencher acts as the acceptor molecules 

in one strand that utilizes the inherent endonucleolytic activity of Taq DNA polymerase to 
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generate a fluorescence signal [19]. The Taqman probes and the primers, designed to 

hybridize within the target DNA sequences, are introduced into a PCR assay. The 

fluorescence signal of the fluorophore is quenched by the quencher molecule via FRET.  

Annealing of the probes start synthesis of the complementary strands from the primer, the 

Taq DNA polymerase extends the primer and reached to the probe binding downstream of 

the primer. Then the enzyme degrades the probe and releases the fluorophore from it which 

results the separation of the fluorophore from the quencher molecules. Thus an increased 

fluorescent signal is resulted. After completion of each cycle, a new cycle of hybridization 

takes place. As a result, more fluorophores are separated from the probes (quencher), 

resulting in increased fluorescence signal which indicates the accumulation of target DNA 

molecules.  A schematic overview of fluorescent signal generation is shown below.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Schematic overview of energy transfer and fluorescence signal generation in 

5ˊ-Nuclease probes. 
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1.6.3 Strand-displacement probes or Yin-Yang probe 

 

This probe is designed by utilizing two complementary nucleic acid probes. One of the probe 

is designed by labeling with fluorophore. On the other hand, the other probe is labeled with 

a non-fluorescent quencher molecule [39]. Fluorophore and quencher molecules come in 

close proximity while the probes hybridize each other and as a result it gives a very low 

fluorescence emission i.e. contact quenching property. By the addition of the probes into the 

solution of target, one of the probe forms a more stable probe-target hybrid than the other, 

thus two probes are being separates from each other. Due to this displacement, the 

fluorophore is no longer in the close contact of the quencher and an increased fluorescence 

signal is generated. The schematic diagram of the mechanism of this kind of probe is shown 

in Figure 1.10. 
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Figure 1.10: Schematic overview of energy transfer and fluorescence signal generation in 

Strand-displacement probes. 

 

1.6.4 Molecular beacon probes 

 

Since the first report in 1996 [29], molecular beacon probes have attracted great interests as 

FRET based DNA and RNA probes. Molecular beacon is a single stranded hybridization 

probe that forms stem-loop structure (Figure 1.11). The loop portion is complementary to 

the target oligonucleotide and, therefore, acts as the binding portion to the target. The loop 

portion is inserted between two stem sequences which are complementary to each other and, 

therefore, ultimately forms the double-stranded stem portion of the probe. At the same time, 

the probe is connected to both a fluorophore and a quencher molecule. While it stays alone 

(means absence of the target), it forms a stem-loop (hairpin) type of structure. In this 
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structure, the fluorophore and quencher molecules come in close proximity and thus the 

probe gives a low fluorescence emission due to the FRET occurs between the fluorophore 

and the quencher. Upon addition of target oligonucleotide, the loop-portion binds to the 

target to form a stable probe-target hybrid with the dissociation of the stem-portion. (Figure 

1.11). As a result, the fluorophore is placed in a distant position from the quencher causing 

the recovery of fluorescence signal.  

 

 

 

Figure 1.11: Schematic overview of energy transfer and fluorescence signal generation in 

molecular beacon probes. 
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1.7 Fundamentals of Molecular Beacon and its Spectroscopic Principles 

 

1.7.1 Loop sequence 

 

The loop sequence of molecular beacon is generally consisting of 15 to 30 nucleotide units 

and should not form any kind of secondary structure by themselves [29, 40-41]. Their 

sequences are usually complementary to a part of target oligonucleotides. This part of 

molecular beacon probe is also termed as sequence recognition part. Upon mixing of target 

and the molecular beacon probe, the loop portion binds with the target molecule in a 

sequence specific manner. To ensure the binding of molecular beacon probe with target 

oligonucleotide, the thermal stability (melting temperature) of the duplex formed by the loop 

portion and the target should be higher than that of stem portion. It means the stability of 

probe-target duplex should be sufficiently stronger than the intermediate duplex formation 

by molecular beacon alone. In general, the stability can be increased by increasing the length 

of the sequence recognition part (loop-portion).  

 

1.7.2 Stem sequence 

 

The stem is typically consisting of 5 to 8 base pairs which dissociates during the 

hybridization of molecular beacon probe with a target oligonucleotide. The thermal stability 

of stem depends on their length as well as its GC content. In order to ensure the stem-loop 

type of structure of the MB probe in the free form, the melting temperature of the stem 

should be 7-10 °C higher than the detection temperature [42].  The thermal stability of the 

complex consisting of target and molecular beacon probe with 15-25 base pairs is thought 

to be sufficiently higher than that of the stem [29, 40-41]. When the stem length is short, the 
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probe would have a faster hybridization kinetics to the target compared with the probe 

having longer length stem. However, the signal to background ratio would decreases 

because of undesired dissociation of the stem-portion even under the absence of the target. 

On the other hand, if the stem length is too long (too stable), then the probe hardly binds to 

the target and the signal to background ratio would decrease too. In addition to these, the 

neighboring nucleotide of the fluorophore in the probe would exhibit quenching properties 

of the molecular beacon probe. Drake et al. recently reported that the neighboring nucleotide 

showed a variable degree of quenching in order of G>A>C>T [43]. Thus, one should be 

careful to decide about the length as well as the sequence and the neighboring nucleotide to 

the fluorophore in the design of stem-potion in molecular beacon type probes. 

 

1.7.3 Fluorophore 

 
 

Fluorophores, a fluorescent materials, have been used extensively in many days in material 

sciences as well as in biomedical sciences. Moreover, it is still focused by many researchers 

to find out novel fluorescent small molecules as well as making alternation in their 

physiochemical properties, such as absorption, excitation and emission wavelength, 

quantum yield and so forth. The majority of commercially available fluorescent materials 

are usually made from the small synthetic fluorophore. A few of genetically encoded 

proteins come from natural animal origin are considered as naturally occurring fluorophores. 

Different types of fluorophores have been tested for their feasibility to make fluorescent 

oligonucleotide probes. Their emission spectra vary from near UV to near IR wavelength. 

A few of the commonly used fluorophores and their analogs are discussed in the following. 

 

 



Chapter 1 
 

19 
 

Pyrene derivaties 

 

Pyrene, a poly aromatic hydrocarbon of four fused benzene ring, has attracted much 

attention due to their unique properties. This is a chromophore of choice in fundamental and 

applied photochemical research. Laurent was first isolated pyrene from the residue of the 

destructive distillation of coal tar in the year of 1837 [44]. Initially, the synthetic dye 

industries used pyrene for preparing several derivatives like pyranthrone [45]. In the year of 

1954, Forster and Kasper was first found the intermolecular emission (excimer emission) 

property of pyrene [46]. This excimer showed high quantum yield [47]. Due to these 

attractive properties, pyrene has become a subject of extensive research for its photophysical 

properties.  

 

For the last 50 years, the fluorescence properties of pyrene have been mostly used in 

investigation of water soluble polymer and making dye for fluorogenic probes [48-49]. It is 

widely used as a probe to investigate the surfactant micelles properties, aggregates of 

surfactant/polymers and phospholipid vesicles. As a labelling agent, pyrene has been 

utilized to investigate protein and peptide structural features [50-53], lipid membrane [54-

61] and also oligonucleotide recognition [62-66]. In addition, many researchers observed 

the red-shift of absorption and emission wavelength and increased quantum yield by 

incorporation of certain functional groups [67-69]. Figure 1.12 shows the possible position 

of incorporation of such functional groups in the structure of pyrene for improvement of 

quantum yield. 
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Figure 1.12: Representative structure of 1-substituted pyrene and 1, 3, 6, 8-tetrasubstituted 

pyrene derivatives. 

 

Anthracene derivatives  

 

Anthracenes have been utilized in many practical applications as a core material for 

preparing potential therapeutics [70-73], polymeric material [74-75] and optical devices 

[76-77]. Though anthracene derivatives are well known for many days [78-81], a few studies 

have been done to characterize their emission wavelengths of its derivatives.  

 

 

 

 

Figure 1.13: General structure of 2, 6-disubstituted anthracene and 9, 10-disubstituted 

anthracene derivatives. 
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The general structure and substitution position in the anthracene are shown in Figure 1.13. 

The substitutions in 2, 6 position of the anthracene by trifluoromethylphenyl and thiophene 

have significant influence on their emission wavelength [82]. It is also possible to alter the 

emission wavelengths of anthracene 2, 6-disulfonic acid by varying organic salts in the solid 

state [83-84]. Kyushin and co-workers reported recently the synthesis of 9,10-

disilylanthracene and they observed an intense quantum yield of this anthracene derivative 

(f > 0.9 ) [85].  

 

Fluorescein derivatives 

 

Fluorescein is a main dye of choice in medicine and science for more than 100 years due to 

its high quantum yield, ease of handling and also for non-toxicity. It was first developed by 

A. Beyer in 1871 [86].  It gives an emission with reasonably long wavelength (500 to 600 

nm) with relatively high quantum yield (f=0.85-0.97) upon excitation in aqueous media 

[87]. Fluorescein is used as fluorescent material for labeling and sensing many biomolecules 

[88-90]. A huge number of novel fluorescein based fluorescent materials have been 

synthesized by many researchers [91-95]. For example, the photophysical properties of the 

fluorescein improved by making modification at the aryl moiety attached to the xathene core 

framework [96-97]. Some structures and substituted derivatives of fluorescein with their 

quantum yields are presented in Figure 1.14. 
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Figure 1.14: Structure of Fluorescein and its substituted derivatives with quantum yield 

[cited from ref. 91] 

 

BODIPY derivatives 

  

 

BODIPY, 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene, is a molecule which was first 

discovered in 1968 by Treibs and Kreuzer [98]. Upon excitation, it emits sharp fluorescent 

peak with high quantum yield due to their tendency to strongly absorb of UV radiation. As 

a continuation, efficient fluorescent materials were synthesized by making a simple 

modification in its structure. For example, Wael et al. prepared an alkylated BODIPYs by 

symmetrical di-substitution with methyl function. The derivative showed a quantum yield 

0.81 in ethanol. At the same time, they also prepared unsymmetrical di-substituted alkylated 

BODIPYs which showed a quantum yield 0.70 [99]. However, the symmetrical tetra, hexa 

and hepta-alkylated BODIPYs showed quantum yield 0.80, 0.56, and 0.70 respectively [99-

100]. Kim et al. also recently developed some new analogs of BODIPY which have high 

quantum yield (f=0.56-0.98) (Figure 1.15) [101]. 
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Figure 1.15: Basic Structure of BODIPY and some of their analogs having high quantum 

yield [cited from ref. 101]     

 

1.7.4 Quencher 

 

Quencher is a molecule which decreases the emission intensity of a fluorescence substances. 

The process is usually taking place when emission spectra of fluorescent donors have 

sufficiently overlap with absorption spectra of the quencher molecule (Förster Mechanism, 

FRET). This is only happened when both molecules come in sufficiently closed position. 

The quencher molecule is widely used to design FRET based fluorogenic probes for 

protease activity detection [102-114], nucleic acid hybridization [29, 115], and real-time 

PCR [116-118]. The natural nucleobase is also used to get the quenching of fluorescence of 

the fluorophore. For example, the guanosine residue can effectively reduce the fluorescent 

intensity of the fluorophore depending on the type of fluorophore [119-120]. However, this 

feature of guanosine has been utilized by others to design quencher free molecular beacon 

probes [121].  
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1.8 Applications of Molecular Beacon Probes 

 

The development of MB based assay for gene identification has emerged an areas of 

research that were not possible previously. With time, it has become a powerful tool for 

many applications in human health aspects. These have included biosensor and biochip 

development, genetic analysis, real-time monitoring of DNA/RNA amplification during 

PCR, in vivo imaging of cancer cell as well as in vivo RNA detection. 

 

1.8.1 Biosensor and biochip development 

 

 

For the last couple of years, MB probes are popularly used to design highly sensitive and 

selective biosensors or biochips. Surface-immobilized MB sensors have been reported for 

various applications including ultra-small optical fiber probes using avidin–biotin binding 

[122], fiber optic microsphere-based biosensor [123] and microarrays [124-125]. The MB 

immobilized magnetic nanoparticle or genomagnetic nanocapturers (GMNC) have also 

designed for detecting the DNA/RNA molecules [126]. This kind of GMNC was made 

through avidin-biotin interaction by conjugating the probe onto the surface of magnetic 

nanoparticle.  Martinez et al. reported a surface-immobilized MB biosensor having 2ˊ,4ˊ-

locked nucleic acid (LNA) bases [127]. Due to the high binding affinity and stability of 

LNA, their biosensor are very stable and robust, and selective and sensitive.   

 

The surface-immobilized MBs have a general configuration where it includes the 

immobilization of the hairpin onto a surface. The MBs possess a fluorophore and quencher 

moiety. However, the ‘on’ versus ‘off’ ratios generated by its fluorophore and quencher 

moieties are important factor in the immobilization of this kind of MB probes.  In most cases, 
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immobilized molecular beacons showed low signal-to-background ratios because of the 

additional strain of the solid surface to its confirmation which ultimately makes an unstable 

hairpin structure. For this reason there is an increased number of ‘on’ molecules than in a 

homogenous assay. To overcome this problem, attempts have been taken recently by using 

longer stem which further force the MBs to be isolated from the solid surface [128]. 

 

1.8.2 Genetic analysis 

 

 

The analysis of genetic discrepancy is an automated procedures like sequencing which 

requires a high throughput methods.  However, the use of MBs is a simple and capable to 

discriminate single-base mismatches. The probes are also very selective considering the 

thermal stability. The perfectly matched probe-target hybrids are more stable that usually 

force the stem portion to open. It was also reported that the detection of mismatched using 

MB probes have shown their potentiality due to the formation of less stable mismatched MB 

probes duplexes than mismatched linear probe duplexes [115]. The stability of MB probes 

is also influenced by many factors like the number of complementary bases participate in 

the hybridization, GC content, position of the mismatches in the sequence as well as 

hybridization temperature. The high selectivity of MB probes to discriminate single base 

alternation makes them a promising probes for analyzing genetic variation [129]. Piatek et 

al. reported a MB which has the ability to analyze 81bp region of the rpoB gene for 

Mycobacterium tuberculosis mutations associated with resistance of isoniazid and rifampin 

[130]. In another report, Kostrikis et al. have designed a molecular beacons to distinguish 

allele of the -chemokine receptor 5 gene that determines susceptibility to HIV-I [129].  
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1.8.3 Real-time monitoring of DNA/RNA amplification during PCR 

 

 

MBs are also used for real-time monitoring of nucleic acid amplification during PCR [28, 

115]. This kind of analysis should be done at lower temperature because the MBs become 

dissociated at high temperature. When the annealing of primers ensured at a low temperature, 

the non-hybridized MB will not emit fluorescence signal because of forming stem loop type 

of structure. However, it generate a fluorescence signal by binding with the target amplicons. 

The increase fluorescence signal indicates the degree of amplification at each annealing 

cycle. Recent reports indicate that real-time PCR monitoring with MBs is better than other 

conventional methods. For example, MBs have showed better genotyping results than 

TaqMan probes [131]. Moreover, it can process many samples simultaneously and 

consuming relatively short period of time. Considering the risk of contamination, the 

confirmation of amplified sample in the same tube is also an additional advantage of this 

method compare with time-consuming gel electrophoresis and southern blotting methods.  

This method has been utilized by many researchers in many purposes like development of 

surface immobilized PNA-DNA hybrid probes for detecting PCR amplicons [132], 

quantification of viruses [133-134] as well as study of replication of hepatitis virus [135].     

 

1.8.4 In-Vivo imaging of cancer cells 

 

Specific and sensitive molecular beacon probe development is one of the central challenges 

in cancer cell imaging. In in-vivo imaging of cancer cell, the probes should have faster tissue 

uptake, shorter residence in the site of action and higher ratio of target accumulation. Shi et 

al. reported one of such novel MB probes (Figure 1.16) [136]. They named it as activated 

aptamer probe (AAP) which has a fluorophore and quencher moiety attached at its terminus. 

In the absence of cancer cell, it remained as a hairpin structure where the fluorophore and 

quencher stayed in a close position resulted in quenching of the fluorescence. However, the 
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probe gave fluorescence signal upon binding with a specific protein tyrosine kinase (PTK7; 

CCK4) on the membrane of the target cancer cell due to the conformational change of the 

probe that displaces the fluorophore from the quencher (Figure 1.16). They observed the 

fast restoration of fluorescence of AAP by the presence of target cancer cell in tumor site 

compared with the other areas.   

 

 
 

 

 

Figure 1.16: Schematic presentation of the novel strategy for in vivo cancer imaging using 

AAP. CCRF-CEM tumor-bearing nude mice were intravenously injected with (a) the AAP, 

(b) control probe, and (c) the ‘‘always-on’’ aptamer probe, respectively. The pink circle in 

every image locates the tumor site [cited from ref. 136]  
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1.8.5 In vivo RNA detection 

 

 

The success of in vivo RNA detection using MB probes depends on the combination of 

rational sequence design, ability of probe to be inserted in the cell as well as the choice of 

target mRNA sequence.  The molecular beacon has already showed potentiality to decode 

the message of coded mRNA. A novel way of detecting cancer at very early stage by 

detecting the mRNA transcripts that comes from the gene in the living cells. Fang et al. 

recently reported a molecular beacons which injected into the living cells for the detection 

of mRNA using an ICCD based fluorescence imaging process [137]. The cells location 

determination and background measurements were carried out by taking optical and 

fluorescence images. After injection, CCD images of the cells were collected. The 

fluorescence signal of the injected cells increases with time (Figure 1.17).  Whereas, no 

fluorescence observed in the control. It indicates that MBs can be used for the real time 

detection of mRNA. In 1998, Matsu reported a 15-nucleotide long antisense sequence for 

human basic fibroblast growth factor for the detection of mRNA [138]. The injection of MB 

probes into K562 human leukemia cells disclosed the real-time visualization and interaction 

of mRNA by fluorescence confocal microscopy [138-139].    

 

 

 

Figure 1.17: Hybridization of the MB to mRNA in living cells. (a) Optical image of a 

kangaroo rat kidney cell and the fluorescence images of the cell (b) 3 min (c) 12 min, and 

(d) 15 min after injecting MB. [cited from ref. 137]  
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1.9 Problems of Molecular Beacon Probes and Recent Solutions 

 

Molecular beacon probe has shown its potentiality in the modern era of genomics and 

proteomics involving the study of cancer, genetic analysis, DNA-protein interaction, 

designing biosensors, in vivo RNA detection and molecular beacon aptamers etc. as 

described earlier. However, more improvements can also be achieved in the area like 

increment of signal-to-noise ratio, selection of loop and stem sequences and also 

overcoming the complexity of living environment. Some of the problems and their recent 

solutions are discussed below. 

 

1.9.1 Signal-to-noise (S/N) ratio: 

 

The fundamental phenomenon of molecular beacon probes is the signal increase upon 

hybridization to the target (increment in S/N ratio). The lower limit of the detection can only 

be achieved by the huge increase in fluorescence upon probe-target hybridization. On the 

other hand, the S/N ratio can be increased either by improving the fluorescent intensity of 

the fluorophore under the presence of the target or by reducing the background under the 

absence of the target. Many attempts have been taken until now to increase the fluorescent 

intensity of fluorophore. Yang et al. recently reported a water soluble poly(phenylene 

ethylene) (PPE) polymeric fluorophore. They conjugated PPE with an oligonucleotide [140]. 

They reported their synthetic method is efficient, simple, and readily controllable of water 

soluble PPE with an oligonucleotide. Increasing the fluorescent intensity of the fluorophore 

was also reported by the silylation of fluorescent aromatic compound like pyrene and 

anthracene [67, 85]. Recently our lab has also designed many silylated pyrene derivatives 

possessing dimethylsilyl function with modifiable terminal group for this purposes [69, 141-
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143]. The fluorescent quantum yield of such pyrene derivatives showed more than double 

compare to that of pyerene moiety. Some of these derivatives with their quantum yield are 

shown in Figure 1.18. Krasnoperov et al. also developed a very impressive lanthanide based 

luminescent complex [144]. They designed a cross linkable lanthanide chelate probes. They 

showed the detection limit of their probe is 1000 times lower than that of traditional MB 

probe and 30 times lower than the other lanthanide based probes.  
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Figure 1.18: Structure of pyrene derivatives with their quantum yields 

 

On the other hand, reducing of background fluorescence largely depends on the design of 

the molecular beacon probes. The design should enable the fluorophore and quencher in a 

very close proximity which will ultimately ensures the efficient quenching. Yang et al. 

reported an approach of using multiple quencher dyes to design a molecular beacon probes 
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(Figure 1.17a) and observed an S/N ratio of upto 320 [145]. Kashida and collegues have 

reported another approach of improving the S/N ratio by placing the fluorophore/quencher 

pairs in the stem region (Figure 1.17b) and reported an S/N ratio of upto 58 [146]. Dubertret 

et al. used gold nanoparticles for fluorescence quenching of many fluorophore to rise the 

S/N ratio of the MB probe (Figure 1.17c) [147]. Using this kind of metal, they able to rise 

S/N ratio upto 100. Though many attempts have already taken to solve the matter of S/N 

ratio of the molecular beacon probes, it is still a big concern to design a molecular beacon 

probe with appropriate S/N ratio to ensure the lower limit of detection.   

   

a b c 

 

  

 

Figure 1.17: Strategies to reduce background fluorescence of MB probes (a) 

Superquenched MB probe contains more than one quencher (b) In-stem probe takes 

advantages of stacking interaction of the base pairs with fluorophore and a quencher dye to 

achieve efficient quenching (c) Gold nanoparticles conjugated MB probe takes advantages 

of super quenching abilities of gold nanoparticles. [cited from ref. 148] 
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1.9.2 Loop and stem nucleotides: 

 

The loop and stem nucleotides sequences influence the folding and hybridization of MB 

probes. Undesired structures of MB probes would be emerged by the interference of the 

loop as well as stem sequences. For example, the MB probes containing partially self-

complementary loop sequence could hybridize each other making a secondary structure 

(figure 1.18a) which would be more stable and less accessible by the target DNA. Thus, it 

may reduce the hybridization efficiency of the MB probes with its target DNA. If the stem 

nucleotides have partial complementary sequence to the loop nucleotides, an alternative 

structure (Figure 1.18b) of MB probes may be formed. The alternate structure formation 

thus formed would separate the fluorophore of the MB probes from the quencher resulting 

in reducing the quenching efficiency of the probes. These are why one should carefully  

 

a b c d 

  

 
 

 

Figure 1.18: Examples of loop and stem interferences in MB probe. (a) Loop interference.  

Complementary loop nucleotides hybridize to each other, thus making folded conformation 

more stable and less accessible by the target DNA. (b) Stem hybridizes to loop thus 

separating the fuorophore from the quencher resulting in elevated background signal. (c) 

Stem nucleotides can partially hybridize to the nucleotides of the targeted DNA. (d) Stem 

and loop nucleotides bind nonspecific nucleic acids present in a sample. Red lines indicate 

undesired or undersigned base pairs. [cited from ref. 148] 
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select the stem nucleotides to avoid any kind of complementarity with the loop. Stem 

invasion is kind of interaction of stem nucleotides with the analyte nucleotide which flank 

the target site. This may also happen by wrong choice of stem sequences (Figure 1.18 c,d). 

In these cases, stem nucleotides can partially bind to the complementary target DNA that 

does not allow the target to bind perfectly with the probes resulting in the flanking of target 

site. At the same time, both stem and loop nucleotides also bind in a nonspecific site of DNA 

or RNA which may present in the sample solution.  

 

Many strategies have been adapted by researchers to overcome the aforementioned 

problems. Kim et al. developed a modified MB probes by using unnatural enantiomeric L-

DNA in the stem [149]. They showed the incorporation of L-DNA in the stem reduces the 

intra- and intermolecular stem invasions. An alternate strategy was also developed by 

Kolpashchikov where he used adaptor strands (A and B strands in Figure 1.19) [150]. Each 

strand has a complementary part to the MB probe and another complementary part to the 

analyte nucleic acid. Both strands interact with the target. This complex interaction ensures 

the open conformation of the MB probes, thus resulting a high fluorescence.  

 

 

 

 

Figure 1.19: Adaptor 𝐴 and 𝐵 strands hybridize to both analyzed sequence and MB probe. 

Triethylene glycol linkers (TEG) that connect the MB-binding arms with the analyte-

binding arms are shown as dashed lines. [cited from ref. 150] 
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  1.9.3 Complexity of living environments: 

 

The utilization of molecular beacon probe for analyzing gene expression can frequently 

limited by the degradation of the backbone of the oligonucleotides of molecular beacon 

probes by nuclease [151-153]. In living cell, it was also previously reported that the half-

life of unmodified phosphodiester oligonucleotides is very short which may vary from 15 

to 20 min [154-156]. That’s why, it is necessary to design a nuclease resistant backbone in 

the molecular beacon probe for example using phosphorothioate backbone in place of 

phosphodiester backbone [157] for use in living environments. Replacing natural 

nucleotides of the probes by 2ˊ-OMe-modified RNA, peptide nucleic acid and locked 

nucleic acid have been employed to overcome these kind of problems [158, 159-160].  
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2.1 Abstract 

 

A novel molecular beacon (MB) type probe possessing polyamine-bearing deoxyuridine 

and silylated pyrene in a short stem-portion was synthesized. The probe is assumed to form 

a pseudo dumbbell-type structure in near physiological condition. Fluorescent signal of the 

probe was efficiently quenched while the probe stays alone. On the other hand, the signal 

was significantly increased under the presence of the oligoDNA complementary to the loop 

portion.  

 

2.2 Introduction 

 

Since the first report on DNA sequencing by Walter Gilbert and Fred Sanger in the 1970s, 

it is becoming a subject of intense research for analysis of genetic information [1-2]. 

However, in the recent years, detection of specific gene through the hybridization of 

fluorescence-labelled oligoDNA probes to a target gene is a remarkable advancement in this 

area for their application in medical diagnostics and genetic studies [3-8]. Many kinds of 

fluorescent oligonucleotide probes have been developed because of their ease of handling 

and relative inexpensiveness compared to the classical radio-labeling method [9]. In a 

practical point of view, it is highly desirable that the probe exhibits strong fluorescent signal 

upon hybridization with its target gene fragment. This would ensure easy detection of the 

target [10]. In addition, the probe should be capable of recognizing uncomplimentary 

dissimilarities of the target, including single-nucleotide alterations, to overcome the chance 

of wrong detection. Until date, there are several reports on specific fluorescent oligioDNA 

and oligoRNA probes, such as molecular beacon types of probe [11-15] and other 
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fluorophore-quencher conjugated probes [16-18], for the detection of specific gene through 

the binding to complementary and uncomplimentary gene fragments.  

 

One recent development in the area of fluorescent oligoDNA probe is molecular beacon 

probes. They are single stranded hybridization probes forming a stem-loop structure [19-31]. 

Most importantly, the molecular beacon probes should generate a very strong fluorescence 

emission in the presence of target. At the same time, absolutely no fluorescence signal in the 

absence of targets. However, the fulfillment of this features of molecular beacon probes is very 

limited. It is still worthwhile searching whether such characteristics of MB probes generated 

by selecting efficient fluorophore as well as their structural modifications. Recently Maeda et 

al. reported that the fluorescence intensity of substituted pyrene derivatives was either lower 

or higher than the unsubstituted pyrene depending on their type of substitutions [32]. In case 

of monosilyl substitution in pyrene, the fluorescence intensity was higher than that of 

unsubstituted pyrene. However, the intensity of germyl and stannyl substituted pyrene 

derivatives was lower than that of unsubstituted pyrene. At the same time they also reported 

that the fluorescence intensity was also increased by increasing the number of silyl 

substitution in pyrene. The structures of substituted pyrene derivatives and their 

fluorescence spectra are depicted in the Figure 2.1. Moreover, the UV absorption of all 

substituted pyrene derivatives shifted longer wavelength compared with the un-substituted 

pyrene (Table 2.1).  
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(a)                                    (b)            (c) 

 

 

 

 
 

 

 

 

Figure 2.1: (a) Structure of substituted pyrene derivatives (b) Fluorescence spectra of mono 

substituted pyrene derivatives (c) Fluorescence spectra of multi-substituted pyrene 

derivatives [cited from ref. 32] 

 

 

Table 2.1: Absorption maximum of substituted pyrene derivatives [cited from ref. 32]  

 

 

Compound 1a 1b 1c 1d 1e 1f 1g 1h 

Absorption 

maximum 
344.5 343.5 344.0 334.5 354.5 355.0 365.0 375.0 

 

 

Meanwhile, Shinozuka et al. reported novel oligoDNA conjugated with dimethylsilyl 

pyrene moiety at its 5ˊ-terminus showed marked fluorescence emission only upon binding 

with full match complements [9]. They also reported that the fluorescent emission of the 

R1R2

R3 R4

1a: R1= SiMe3, R2=R3=R4=H

1b: R1= GeMe3, R2=R3=R4=H

1c: R1= SnMe3, R2=R3=R4=H

1d: R1= R2=R3=R4=H

1e: R1= R3=SiMe3, R2=R4=H

1f: R1= R4=SiMe3, R2=R3=H

1g: R1= R2= R3=SiMe3, R4=H

1h: R1= R2= R3=R4=SiMe3
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silylated pyrene connected with oligonucleotides depends on the base composition of the 

5ˊ-end nucleotides. They further investigated the influence of neighboring base on the 

fluorescence property of silylated pyrene by making different monomer nucleotides using 

the four nucleobases (A, C, T and G). The fluorescent spectra of monomer nucleotides of 

different base containing silylated pyrene are shown in Figure 2.2.  They observed strong 

fluorescence quenching property of silylated pyrene when the neighboring nucleobase is G, 

C or T.  

 

 

 

Si

Me

Me
O

O

OH

B

B=A,G,C,T

 

 

Figure 2.2: Fluorescence Spectra of 5ˊ-silylated pyrene nucleotides derivatives [cited from 

ref. 33]. 

 

Whereas, the fluorescence emission of adenosine base was not quenched as much as the G, 

C and T. They proposed the mechanism of quenching behavior by the presence of 

neighboring base is due to photo induced electron transfer between the silylated pyrene and 

the nucleobase [33]. Based on these findings, dimethylsilaylated pyrene is used in this study 

as a fluorophore for designing the novel stem loop type molecular beacon probes where 

natural nucleoside residue is expected to function as a quencher.  
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Significant improvements in the design and development in the structure of molecular 

beacon have recently been reported [34-39].  A most recent examples of such improvements 

are the development of quencher free molecular beacon probe [40-44]. There are many types 

of quencher free MB probe designed until date. One of the way of designing such quencher 

free MB probe is the introduction of a fluorophore in the stem which has a terminal 

guanosine (G) base as a quencher at the opposite of the stem terminus (Figure 1.5, chapter 

1) [44]. The other researcher designed by placing a fluorophore attached to pyrrolocytidine 

in the middle of the stem which also has a guanosine base at the opposite of fluorophore 

bearing pyrrolocytidine (Figure 2.3) [45].    

 

 

Figure 2.3: End free and quenched free MB probes [cited from ref. 45]. 

 

Recently, our group synthesized a novel fluorescent oligoDNA probe bearing silylated 

pyrene derivative at C-2ˊ position of deoxyuridine. The silylated pyrene derivatives were 

incorporated into two consecutive positions of the OligoDNA. It showed an excimer 

emission upon binding with fully matched complementary DNA strand while both the 

excimer and monomer emission were quenched while staying alone or hybridize to a single 

base mismatched complementary target [46]. One major problem of using this technique is 

that the fluorescent strength of the probe after binding to the correct target DNA is only 5-
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folds higher compared to that of the probe staying alone. Idealistic probe should give more 

than 20-folds stronger signal, at least. Our group also reported that an oligoDNA 

incorporated with modified deoxyuridine residues bearing polyamine group at C-5 position 

instead of natural thymidine residues exhibited enhanced duplex-forming ability due to the 

reduction of electronic repulsion between the two strands [47]. 

 

 

 

Figure 2.4:  Schematic diagram of the proposed pseudo dumbbell type molecular beacons 

and their principle of activity.  

 

Based on the knowledge, described above, I have designed a new molecular beacon type of 

probe outlined in Figure 2.4. In this probe, silylated pyrene molecule is attached to the 5ˊ-

terminus neighboring consecutive dA residues of an oligoDNA. At the same time, the probe 

has partial self-complementary sequence and, therefore, the probe would form a pseudo 
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dumbbell type of secondary structure as it is depicted in Figure 2.4. In this form, silylated 

pyrene connected next to consecutive dA residues will be in a closed proximately position 

of dC residue at 3ˊ-terminus and the fluorescence signal of the silylated pyrene would be 

effectively quenched by the action of dC residue. Once the probe meets the complementary 

DNA in a solution, the secondary structure of the probe will be dissolved and the probe 

would form normal duplex with the target. In this stage, the fluorescent signal of the silylated 

pyrene will recovers since it is positioned far away from dC residue at 3ˊ-terminus. In this 

probe, the modified deoxyuridine residues bearing polyamine at C-5 position described 

above should be included in certain position of the probe to increase the stability of the 

dumbbell type of secondary structure to minimize the length of the stem sequence of the 

probe.   

 

2.3 Results and Discussion 

 

2.3.1 Synthesis of [1-(Pyrenyl)dimethylsilylmethyl]-(2-cyanoethyl)-N,N-diisopropyl-

phosphoramidite (5) 

 

Scheme 2.1 shows the synthesis of the phosphoramidite derivative of silylated pyrene 

derivative. Compound 2 (1-Bromopyrene) was prepared by reaction of pyrene (1) with N-

bromosuccinimide at room temperature in DMF. Resulting 1-Bromopyrene (2) was treated 

with n-BuLi in dry THF (-78°C) under N2 atmosphere followed by the addition of 

chlorodimethylsilyl chloride to give the corresponding silylated pyrene (2). The obtained 

compound 2 was treated with sodium acetate in aqueous DMF at 100°C to make an acetoxy 

derivative 3, which was then treated with NaOH in aqueous methanol to produce compound 

4 bearing hydroxyl group. The phosphoramidite derivative of dimethylsilylated pyrene 
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(compound 5) was prepared by mixing with N,N-diisopropylethylamine in dry 

dichloromethane and was stirred under N2 atmosphere at room temperature. Thereafter, the 

phosphitylating reagent, chloro-(2-cyanoethoxy) diisopropylamino-phosphine was added 

drop wise to the previous mixture under N2 atmosphere at room temperature. The crude 

product was purified by silica-gel column chromatography. 

 

Si

Cl
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Cl

Si

Cl

1

r.t.-78°C

Si

O

O

NaOAc
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3 (36 %)

Si

OH

1.0M NaOH aq

MeOH

Si

O

P

N(i-Pr)2O
NC

P

N(i-Pr)2O
NC

Cl

dry-CH2Cl2

5 (92 %) 6 (71 %)

Br

NBS

DMF

2

 

 

 

Scheme 2.1: Synthesis of [1-(Pyrenyl)dimethylsilylmethyl]-(2-cyanoethyl)-N,N-diiso-

propylphosphoramidite (5) [ref. 48] 
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2.3.2 Synthesis of 5´-O-(4,4´-Dimethoxytrityl)-5-[N-[2-N,N-bis(2-trifluoroacetamidethyl) 

amino]ethyl]carbamoylmethyl-2´-deoxyuridine-3ˊ-O-yl(2-cyanoethyl)-N,N-diisopropyl-

phosphoramidite (14).   

 

The synthetic pathway of compound 14 from compound 6 is depicted in the Scheme 2.2. At 

first, D-Arabinose (6) was refluxed with cyanamide and potassium carbonate in 

dimethylformamide (DMF) to synthesize the compound 7. Compound 7 was then converted 

to compound 8 by bromomethylfumaric acid dimethyl ester in methanol under reflux. Then 

the 3ˊ- and 5ˊ- hydroxyl groups in the resulting compound 8 were protected by acetylation 

to prevent the formation of any unwanted by-product in the next step. The compound 9 was 

then refluxed in toluene with tri-n-butyltin hydride (Bu3SnH) and alpha isobutyronitrile 

(AIBN) to have the de-brominated analogue of compound 10. Then the compound 10 was 

mixed with tris (2-aminoethyl)amine and 4-dimethylaminopyridine in methanol to 

synthesize compound 11. The reaction mixture was then evaporated and coevaporated with 

methanol, the residue was dissolved in a small amount of methanol and added drop wise to 

benzene to precipitate compound 11 as an oily residue. Then the terminal amino group of 

compound 11 was protected by trifluoroacetyl group without further purification and 

synthesized compound 12. The incorporation of DMTr- group on compound 12 was 

accomplished by reacting with 4,4ˊ-dimethoxytrityl-chloride (DMTr-Cl) in pyridine 

containing 4-dimethylaminopyridine at room temperature. Then the synthesized compound 

13 was mixed with N,N-diisopropylethylamine in dry dichloromethane and was stirred 

under N2 atmosphere at room temperature. Then the phosphitylating reagent, chloro-(2-

cyanoethoxy) diisopropylaminophosphine was added to the previous solution to synthesize 

phosphoramidite derivative compound 14. Finally, the crude product was purified by silica-

gel column chromatography. 
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Scheme 2.2. Synthesis of 5´-O-(4,4´-dimethoxytrityl)-5-[N-[2-N,N-bis(2-trifluoroaceta-

midethyl)amino]ethyl]carbamoylmethyl-2´-deoxyuridine-3ˊ-O-yl(2-cyanoethyl)-N,N-

diisopropylphosphoramidite   [ref. 49-50] 
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2.3.3 Synthesis of modified oligoDNA possessing polyamine-connected deoxyuridine 

and silylated pyrene 

 

The modified oligonucleotides possessing polyamine-connected deoxyuridine and silylated 

pyrene (GK-2139) were synthesized using an automated DNA synthesizer (ABI 392). The 

structure and sequences of the synthesized oligonucleotides are depicted in Table 2.2. The 

incorporation of the C 5 polyamine-modified deoxyuridine derivative into the 

oligonucleotides was carried out using method described previously [49-50]. On the other 

hand, the incorporation of phosphoramidite derivative of dimethylsilylated pyrene was 

carried out in a manner similar to that described previously [48]. It should be noted that the 

coupling periods used in the synthesis for the phosphoramidite derivate of C 5 polyamine 

bearing deoxyuridine and phosphoramidite derivative of dimethyl silylated pyrene were 

extended to 360 s. After the assembly, the support-bound fluorescent oligoDNA was treated 

with concentrated ammonium hydroxide (55 ˚C, 12 h). The oligonucleotides were then 

purified by reversed-phase HPLC (DMTr-ON, Figure 2.5). After purified by HPLC, the 

oligonucleotides were subjected to ethanol precipitation and Sephadex G- 25 gel filtration. 

The obtained oligonucleotides were further analyzed by reverse-phase HPLC to check their 

purity level (DMTr-ON, Figure 2.6).  The structures of the oligonucleotides were confirmed 

by ESI-mass Spectrophotometer (Table 3). The UV spectra analysis of these 

oligonucleotides also confirmed the incorporation of dimethyl silylated pyrene by showing 

a peak at around 350 nm (Figure 2.7). The % yield of the synthesized oligonucleotides were 

calculated and presented in Table 2.3.  

 

Further, the oligonucleotides (GK-2140) was also synthesized by placing thymidine instead 

of the places of polyamine-bearing deoxyuridine to check the effect of duplex stability 

enhancement caused by the incorporation of polyamine-bearing deoxyuridine.  At the same 
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time, complementary DNA (GK-1104) and one base mismatch complementary DNA (GK-

1105) were also synthesize to investigate the newly designed probe GK-2139. The structure 

and sequences of the GK-2140 and complementary DNA and non-complementary DNA are 

also depicted in Table 2.2. The % yield and ESI-mass data of GK-2140, GK-1104 and GK-

1105 are also presented in Table 2.3. 

 

Table 2.2.  Sequence and structure of modified oligonucleotides 

 

Name Sequence a,b,c 

GK-2139 (Probe 1) 3′-CUTTTAGUTUAAGTACTGTTTTCGGAAA-X-5′ 

GK-2140 3′-CTTTTAGTTTAAGTACTGTTTTCGGAAA-X-5′ 

GK-1104 (ODN-1) 5′-TGTTTCATGACAAAAGCC-3′ 

GK-1105 (ODN-4) 5′-TGTTTCATCACAAAAGCC-3′ 
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H2N

O
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 a U denotes the polyamine bearing deoxyuridine, X denotes the dimethyl silylated pyerene, 

b Italicized letters indicate the complementary region to ODN-Probe. c Bold and underlined 

letters in ODN 4 indicate the corresponding single-nucleotide alternations to fully matched 

target DNA (ODN-1). 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA  

  B: Acetonitrile 

Gradient:  

 

 

 

 

Figure 2.5: HPLC profile of GK-2139 at 260 nm and 350 nm before purification. 

 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA  

  B: Acetonitrile 

Gradient:  

 

 

Figure 2.6: HPLC profile of GK-2139 at 260 nm and 350 nm after purification. 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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Table 2.3: Optical density (OD), isolated yield and ESI-mass data of the oligonucleotides  

 

Oligonucleotides 
ESI-mass ODa (/ml) Isolated 

Yield (%) 
Found Calculated 

GK-2139 9468.79 9468.67 48.5 17.2 

GK-2140 8952.00 8951.98 75.7 27.3 

GK-1104 5562.74 5562.57 47 26.9 

GK-1105 5522.70 5522.55 24.5 14.3 

 

aOptical density is the absorbance of the oligonucleotides at 260 nm per unit distance 

  

 

 

Figure 2.7: UV spectra of modified oligonucleotides GK-2139 and GK-2140. 
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2.3.4 Duplex forming ability of new MB probes. 

 

The duplex forming ability of the new molecular beacon probes possessing polyamine-

connected deoxyuridine and also silylated pyrene was studied by circular dichroism (CD) 

spectroscopy (Figure 2.8). The CD spectra were taken for GK-2139 and its full match 

duplex with complementary DNA (GK-1104) as well as duplex with GK-1105 which 

contains one mismatch at the middle of the duplex forming region. Spectra of the 

corresponding duplex DNA shows clear positive and negative Cotton effect (peak and 

trough) within the wavelength region of 250 to 280 nm.   

 

 

 

 

 

Figure 2.8: CD spectra of modified oligomer GK-2139 and its duplex with full-match (GK-

1104) and one mismatched complement (GK-1105). DNA concentration was 1.0 µM each, 

buffer: 10 mM sodium phosphate and 100 mM sodium chloride. 
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2.3.5 Fluorescence properties of new molecular beacon probes. 

 

Fluorescence spectra of mononucleotides containing silylated pyrene at their 5ˊ-terminus 

were measured in a buffer of 10 mM sodium phosphate and 100 mM sodium chloride at 

room temperature using F4500 Fluorescence Spectrophotometer with an excitation 

wavelength of 350 nm. The concentration of mononucleotides were used 1.5 µM in each 

cases. Figure 2.9 showed fluorescent spectra of 4 natural deoxynucleotide monomers 

bearing silylated pyrene at 5ˊ-position along with a corresponding pseudo nucleotide having 

OMe group at C-1ˊ position instead of nucleobase [51]. As it is clear from Figure 2.9, 

fluorescence signal was extensively quenched on G, C and T and their f values are less 

than one-tenth of that of silylated pyrene. Meanwhile the quenching seems to be minimal in 

the case of A because its f value was close to that of the pseudo nucleotide.  The observed 

quenching could be due to a photo-induced electron transfer (PET) mechanism between the 

excited pyrene moiety and the nucleobases [52].  

 

 

 

 

 

 

Figure 2.9: Fluorescence spectra and fluorescent quantum yield (f) of mononucleotides 

bearing silylated pyrene at their 5ˊ-terminus. The spectra were measured with 1.5 M of 

mononucleotide in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl. 

(Reproduced with the permission from ref. 53. Copyright 2015, Chemical Society of Japan) 
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Based on these findings, I prepared a novel stem-loop type molecular beacon probe without 

end labeled-quencher molecule. Figure 2.10 showed the sequence and tentative structures 

of the probe (GK-2139). The large loop-portion of GK-2139 consisting of 15 nucleotide 

units was expected to act as the binding portion to an oligonucleotide having complementary 

sequence. The small loop-portion and the stem-portion were expected to put the silylated 

pyrene of the 5 ˊ-terminus to the proximal position of the quencher nucleotide (C) 3ˊ-

terminus. In the stem-portion, natural T residues were substituted with C-5 polyamine-

bearing deoxyuridine residues (U) as it is indicated in the Figure 2.10. The polyamine-

bearing deoxyuridine was effective to increase thermal stability of duplex involved.  

 

3'-CUTTTAGUTUAAGTACTGTTTTCGGAAA-X-5'

AGUTU
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3'-CUTTTAGUTUAAGTACTGTTTTCGGAAA-X-5'
                    5'-TGTTTCATGACAAAAGCC-3' GK-1104   
                    5'-TGTTTCATCACAAAAGCC-3' GK-1105

GK-2139

 

Figure 2.10: Sequence and tentative structure of GK-2139 bearing silylated pyrene moiety 

at its 5ˊ-terminus through phosphodiester linkage. The red colored part in GK-2139 is 

complementary to the blue colored part in GK-1104. In GK-1105, the ninth nucleotide of 

GK-1104 is substituted with C (italicized). (Reproduced with the permission from ref. 53. 

Copyright 2015, Chemical Society of Japan) 
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Next, fluorescence spectra of the probes in the absence and presence of the complementary 

oligoDNA were measured to find out whether the fluorescence signal of the probes responds 

to the presence of the target oligoDNA. The spectra were measured in 10 mM sodium 

phosphate and 100 mM sodium chloride at room temperature using F4500 Fluorescence 

Spectrophotometer with an excitation wavelength of 350 nm. The results are depicted in 

Figure 2.11. As it is shown in Figure, GK-2139 exhibited very faint signal under the absence 

of GK-1104. f value for GK-2139 in the condition was 0.008 (Table 2.4). This could be  

 

Table 2.4.  Quantum yield value of GK-2139 and GK-2140 and their duplexes with full 

match targets and mismatch targets  

 

Oligonucleotides Quantum Yield 

GK-2139 0.008 

GK-2140 0.015 

GK-2139+GK-1104 0.160 

GK-2140+GK-1104 0.162 

GK-2139+GK-1105 0.050 

 

 

 attributed by the fluorescence-quenching effect of C as described above since GK-2139 is  

expected to form secondary structure in which the silylated pyrene at the 5ˊ-terminus is in 

the proximal position of the quencher nucleotide (C) at 3’-terminus. Fluorescence signal of 

GK-2140 was also quenched (f = 0.015) under the absence of GK-1104, however, the 

extent of the quenching is not as extensive as the case of GK-2139. Because the thermal 

stability of the secondary structure of GK-2140 is lower than that of GK-2139, the 
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probability for the silylated pyrene to be in the proximal position to the quencher nucleotide 

in GK-2140 would also be lower than that of GK-2139. 

 

 

 

Figure 2.11: Fluorescence spectra of GK-2139 and GK-2140 under the absence and 

presence of the complements with 1 M of DNA in 10 mM sodium phosphate buffer (pH 

7.2) containing 100 mM NaCl under the irradiation of uv-light (350 nm) at room 

temperature. (Reproduced with the permission from ref. 53. Copyright 2015, Chemical 

Society of Japan) 
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presence of GK-1104 can be clearly recognized by naked eyes as it is depicted in Figure 

2.12.  

 

 

 

Figure 2.12: Fluorescence signal of GK-2139 alone (left), GK-2139+GK-1104 (right) with 

concentration of 3 M of DNA in the same buffer system as above under the irradiation of 

uv-light (350 nm) at room temperature. (Reproduced with the permission from ref. 53. 

Copyright 2015, Chemical Society of Japan) 

 

The observed increment of the signal can be attributed to the resolution of the secondary 

structure of the probes along with the formation of double helical complex with the 

complement. f values of GK-2139 and GK-2140 under the presence of GK-1104 was, 

however, rather lower than that of silylated pyrene attached to 5ˊ-terminus of 

deoxyadenosine mononucleotide described above (f = 0.57). This could be partially 

reasoned by long-range fluorescence quenching effect of deoxyguanosine residues near 5ˊ-

terminus [54-55]. 
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2.3.6 The effect of mismatch in the target DNA to the fluorescence signal of the probes 

 

I further examined the effect of the one-base substitution in the complementary DNA to the 

fluorescence signal of the complex using GK-1105 in which the ninth deoxyguanosine 

residue from 5ˊ-terminus of GK-1104 is substituted with cytidine residue. The fluorescence 

spectrum of the complex consisting of GK-2139 and GK-1105 is also depicted in Figure 

2.13.  

 

 

 

 

 

 

 

 

 

Figure 2.13: Fluorescence spectra of GK-2139 under the absence and presence of the 

complements with 1 M of DNA in 10 mM sodium phosphate buffer (pH 7.2) containing 

100 mM NaCl under the irradiation of uv-light (350 nm) at room temperature. 
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As it is shown in Figure 2.13, fluorescence signal of the complex was significantly lower 

than that of the complex consisting of GK-2139 and GK-1104. Thus, the current stem-loop 

type of probe may have some sequence discrimination ability in term of its fluorescence 

signal strength and would be useful new probe to detect gene fragments in solution. 

 

 

2.3.7 Thermal stability of new molecular beacon probes. 

 

The thermal stability of the secondary structure of GK-2139 along with the corresponding 

oligoDNA, GK-2140, which has natural T residues instead of polyamine-bearing 

deoxyuridine residues was carried out by uv-melting experiments and the results are 

summarized in Table 2.5. As it is clear from Table 2.5, secondary structure of GK-2139 

bearing 3 residues of C-5 polyamine-bearing deoxyuridine in the stem-portion exhibited 

much higher stability compared to the corresponding GK-2140 since observed melting 

temperature of GK-2139 is more than 10°C higher than that of GK-2140. This could be 

attributed by the duplex-stabilizing effect of the modified deoxyuridine residues in GK-

2139 [47]. GK-2139 and GK-2140 were annealed with complementary oligoDNA, GK-

1104, and the melting points of the resulting complexes were also measured. Obtained data 

indicates that the thermal stability of the complex consisting of GK-2139 and GK-1104 is 

nearly same as that of the complex consisting of GK-2140 and GK-1104 since their melting 

points are almost same value. This would be reasonable because the sequence-recognizing 

portion (a large loop-portion) in GK-2139 and GK-2140 is identical. Further, the effect of 

the one-base substitution in the complementary DNA to the thermal stability of the complex 

using GK-1105 was investigated. The melting temperature (Tm) of the GK-2139 and GK-

1105 duplex was 36.9°C and it was significantly lower (-14.5°C) than that of the GK-2139 

and GK-1104 duplex.  
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Table 2.5. Melting temperatures (Tm) of the probes and their duplexes. ((Reproduced with 

the permission from ref. 53. Copyright 2015, Chemical Society of Japan) 

 
 

Oligonucleotides Tm (˚C) Tm (°C) 

GK-2139 37.3 +10.4a 

GK-2140 26.9 - 

GK-2139+GK-1104 51.4 +1.6b 

GK-2140+GK-1104 49.8 - 

GK-2139+GK-1105 36.9 -14.5c 

 
 

Melting Temperatures were measured with 3 M of DNA in 10 mM sodium phosphate 

buffer (pH 7.2) containing 100 mM NaCl.  

Tm
a indicates deviation from Tm of GK-2140,  

Tm
b indicates deviation from Tm of GK-2140+GK-1104 and  

Tm
c indicates deviation from Tm of GK-2139+GK-1104.  

 

 

2.4 Conclusion 

 

In conclusion, the new molecular beacon probe (GK-2139) possessing polyamine-

connected deoxyuridine and silylated pyrene at their 5ˊ-terminus was successfully prepared 

using phosphoramidite chemistry. The probe was effectively quenched in the buffer solution 

while they stayed alone by forming a pseudo dumbbell shaped structure. Moreover, it 

showed strong fluorescence signal only upon binding to the perfectly matched 

complementary DNA (GK-1104). However, in the case of duplexes with single base 

alteration in the middle of complementary sequences namely, GK-1105, only a weak 

fluorescence emission was observed compared with the fluorescence emission of the duplex 
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with perfectly matched complementary DNA. Thus, the current probe can nicely 

discriminate a single-nucleotide substitution in the complementary DNA strand via its 

fluorescent signal and would be a practically feasible probe to detect certain gene fragments 

in solution by simple mixing. 

 

2.5 Experimental 

 

2.5.1 General Information 

 

Reactions under anhydrous conditions were carried out under an atmosphere of nitrogen. 

Reaction progress was observed by thin layer column chromatography on Merck silica gel 

60 F254-precoated plate under UV lamp. Column Chromatography was performed with 

silica gel 60N (neutral, spherical, 63-210µm). 1HNMR and 31PNMR spectra were recorded 

on JOEL (JNM-ECA 400) FT NMR SYSTEM at 400 MHz and 161.8 MHz, respectively, 

using tetramethylsilane as internal standard. ESI-MS spectra were recorded on Perkin Elmer 

API-100 ESI-MS Spectrophotometer. UV-VIS spectra were taken on UV-2450 

Spectrophotometer (Shimadzu). Fluorescence spectra were recorded on F-4500 

Fluorescence Spectrophotometer (HITACHI). Oligonucleotides were purified by reversed-

phase HPLC (PU-2089 plus, JASCO) attached with UV-VIS detector (SPD-10A, 

Shimadzu) and Chromatopac (C-R8A, Shimadzu) using Wakosil 5 C18 column (Ø 4.6 mm 

X 250 mm). 

 

 

 



Chapter 2  
 

71 
 

2.5.2 Synthesis of 1-(Chloromethyldimethylsilyl) pyrene (2).  

 

Si

Cl

Br

n-BuLi

Dry-THF,

Cl

Si

Cl

1 2

r.t.-78°C
NBS

DMF

2  

 

1-Bromopyrene (3.10 g, 11.0 mmol) was vacuum dried for 30 min in two-open eggplant 

flask. 50 ml of dry THF was added into it and placed the flask on ethanol dry ice bath (-

78 °C). The solution was stirred for ten minutes. Then n-butyllithium (10.2 ml, 16.5 mmol) 

was added into the reaction mixture slowly and maintained the ethanol bath temperature 

between -74 °C to -78 °C for 1 hour. Chloromethyldimethylchlorosilane (3.0 ml, 22.0 mmol) 

was added dropwise to the reaction mixture and stirred for another 1 hour at the same 

temperature. The mixture was then stirred at room temperature for 4 hours. At a suitable 

time, an aliquot was taken from the mixture and monitored by TLC using a solvent system 

of 10 % CH2Cl2 in hexane. The mixture was evaporated under reduced pressure and 

portioned between CH2Cl2 and saturated solution of sodium bicarbonate. The organic layer 

was collected, washed 3 times with saturated solution of sodium bicarbonate, dried over 

sodium sulfate, filtered, and finally evaporated under reduced pressure. The crude product 

was purified by silica-gel column chromatography using 10 % CH2Cl2 in hexane as an eluent 

and obtained compound 2 (1.21 g, 36 %). 1H NMR (400 MHz, CDCl3) δ (ppm) = 0.73 (s, 

6H, dimethyl), 3.29 (s, 2H, Si-2H), 8.01-8.27 (m, 9H, pyrene). 
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2.5.3 Synthesis of 1-(Acetoxymethyldimethylsilyl) pyrene (3). 

 

Si

Cl

NaOAc

DMF/H2O

Si

O

O

2 3  

 

Compound 2 (1.2 g, 3.88 mmol) was dissolved into 25 ml DMF and stirred for few minutes. 

Then 3.19 g NaOAc and 14 ml of water were added into the reaction mixture. The reaction 

mixture was stirred at 100°C for 24 hours and progress of the reaction was monitored by 

TLC at the ending of stirring using a solvent system of 50 % CH2Cl2 in hexane. The mixture 

was then evaporated under reduced pressure and dissolved in 100 ml ethyl acetate washed 

3 times by deionized water. The organic layer was dried with Na2SO4, filtered, and 

concentrated to dryness under reduced pressure to give a crude compound 3 as brown oil. 

The resultant brown oil was purified by silica gel column chromatography with 50 % 

CH2Cl2 in hexane and obtained compound 3 (0.89 g, 68 %). 1H NMR (400 MHz, CDCl3) δ 

(ppm) = 0.66 (s, 6H, dimethyl), 2.04 (s, 3H, COOCH3), 4.27 (s, 2H, Si-2H) 8.01-8.33 (m, 

9H, pyrene). 
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2.5.4 Synthesis of 1-(Hydroxymethyldimethylsilyl) pyrene (4). 

 

Si

O

O

3

Si

OH

1.0M NaOH aq

MeOH

4  

 

Compound 4 was obtained from compound 3 (0.883 g, 2.66 mmol) by the reaction 1 M 

NaOH (4 ml) in the presence of MeOH (65 ml). The reaction mixture was stirred at room 

temperature for 17 hours. The reaction mixture was then concentrated to a small volume 

under reduced pressure. The resulting residue was portioned between ethyl acetate and 

saturated solution of sodium chloride. The organic layer collected, washed with saturated 

solution of sodium chloride three times, dried over Na2SO4, filtered, and concentrated to 

dryness under reduced pressure. The crude product was then purified by column 

chromatography using 40 % ethyl acetate in hexane and obtained compound 4 (0.71 g, 92 %).   

1H NMR (400 MHz, CDCl3) δ (ppm) = 0.65-0.66 (t, 6H, dimethyl), 1.56 (s, 1H, OH), 3.91 

(s, 2H, Si-2H), 8.00-8.36 (m, 9H, pyrene). 
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2.5.5 Synthesis of [1-(Pyrenyl)dimethylsilylmethyl]-(2-cyanoethyl)-N,N-diisopropyl-

phosphoramidite (5). 

 

Si

O

P

N(i-Pr)2O
NC

P

N(i-Pr)2O
NC

Cl

Dry-CH2Cl2

4 5

Si

OH

 

 

Compound 4 (0.13 g, 4.48 mmol) was vacuum dried for 30 minutes in two necked round 

bottom flask and 10 ml of dry CH2Cl2 was added into it and stirred on ice bath for 10 minutes. 

0.5 ml N,N-diisopropylethylamine was added to the reaction mixture and once again stirred 

for another 10 minutes. To the reaction mixture, 2-cyanoethyl-N,N-diisopropylchloro 

phosphoramidite (0.3 ml) was added drop wise and stirred under cooling in ice bath for 40 

minutes. The resultant product was then dissolved in 100 ml CH2Cl2 and washed three times 

with saturated solution of sodium bicarbonate. The organic layer was dried with Na2SO4, 

filtered, and concentrated under reduced pressure. The residue was then purified by silica 

gel column chromatography with hexane-ethyl acetate-triethylamine (7:3:0.2, v/v/v) and 

obtained compound 5 (0.155 g, 71 %).  1H NMR (400 MHz, CDCl3) δ (ppm) = 0.69-0.70 

(d, 6H, dimethyl), 1.15-1.27 (m, 12H, iPr), 2.44-2.48 (m, 2H, CH2) 3.58-3.83 (m, 2H, Si-

2H), 8.01-8.39 (m, 9H, pyrene). 31P NMR (400 MHz, CDCl3) δ (ppm) = 151.58. 
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2.5.6 Synthesis of 3´, 5´-O-Diacetyl-5-methoxycarbonylmethyl-2´-bromo-2´-

deoxyuridine (9). 

 

O

OH

OHHO

OH O

OH

OHO
N

NH2

6 7

NH2CN, K2CO3

DMF

 

 

At first, D-Arabinose (4.0 g, 26.6 mmol) was dissolved into 50 ml DMF and stirred for few 

minutes. 1.344 g cyanamide and 0.184 g potassium carbonate were added into it and 

refluxed overnight at 50 °C. The reaction mixture was then cooled to room temperature. 40 

ml ethyl acetate was added to the reaction mixture and stirred once again in an ice bath for 

30 minutes. After ice bathing the reaction mixture was filtered and vacuum dried and 

obtained compound 7 as crude residue (4.7 g.). 

 

O

OH

OHO N

N

O
OCH3

O

O

OH

OHO
N

NH2

7

COOCH3

H3COOC

BrH2C

MeOH, CaH2

8  

 

4.67 g of compound 7 (26.8 mmol) was dissolved in methanol and added 9.5 g bromomethyl 

fumaric acid dimethyl ester and 1.35 g calcium hydride to the reaction mixture. The reaction 

mixture was then refluxed at 80 °C for 3 hours. The reaction progress was checked by TLC 

using 10 % MeOH in CH2Cl2. The resulting residue was dried under reduced pressure and 

dissolved into 13 ml methanol then added sufficient amount of CH2Cl2 (290 ml) to it to 
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make precipitate. The mixture was then centrifuged and collected the supernatant. The 

supernatant was then transferred into a separating funnel and added water and washed three 

times with CH2Cl2 and then with ethyl acetate. The aqueous layer was collected, filtered, 

and dried under reduced pressure and obtained the compound 8 as crude residue (12.9 g). 

 

O

OH

OHO N

N

O
OCH3

O

O

OAc

AcO

HN

O

NO

OCH3

O

Br

8 9

CH3COBr

CH3CN

 

 

The obtained crude of compound 8 (12.94 g, 43.3 mmol) was dried under reduced pressure 

and was then dissolved into dry CH3CN (60 ml). Thereafter 10 ml AcBr was added to it and 

stirred at 102 °C for 4 hours and confirmed the end point of reaction by TLC using 10 % 

MeOH in CH2Cl2. The reaction output was dissolved into saturated solution of sodium 

bicarbonate, filtered, and then washed three times by CH2Cl2. The organic layer was 

collected and dried with Na2SO4, filtered, and concentrated under reduced pressure. The 

resulting residue was then purified by silica gel column chromatography using a solvent 

system of 10 % MeOH in CH2Cl2 and obtained compound 9 (3.65 g, 30 % from 7). 1H NMR 

(400 MHz, CDCl3) δ (ppm) = 2.11-2.17 (m, 6H, 3´-methyl, 5´-methyl), 3.35-3.37 (d, 2H, 5-

CH2), 3.70 (s, 3H, 5-OMe) 4.36-4.39 (m, 2H, 5´-CH2), 4.55 (t, 1H, 3´-H), 5.15-5.17(m, 1H, 

4´-H), 6.19-6.21(d, 1H, 1´-H), 7.49 (s, 1H, 6-H), 8.32 (s, 1H, 3-NH). 
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2.5.7   Synthesis of 3´, 5´-O-Diacetyl-5-methoxycarbonylmethyl-2´-deoxyuridine (10). 

 

O

OAc

AcO

HN

O

NO

OCH3

O

Br

O

OAc

AcO

HN

O

NO

OCH3

O

Bu3SnH, AIBN

Toluene

9 10  

 

The compound 9 (3.65 g, 7.9 mmol) was refluxed in toluene with 4.25 g (15.8 mmol) tri-n-

butyltin hydride (Bu3SnH) and 135 mg (0.8 mmol) -bisisobutyronitrile (AIBN)  for 4 hours. 

The end point of the reaction was confirmed by doing TLC test using 20 % hexane in ethyl 

acetate and concentrated under reduced pressure. The resulting oily residue was then 

purified by silica gel column chromatography with the same solvent system and the amount 

of pure compound 10 is 2.02 g (67 %). 1H NMR (400 MHz, CDCl3) δ (ppm) = 2.03-2.10 

(m, 6H, 3´-methyl, 5´-methyl), 2.48-2.50 (m, 1H, 2´-H), 3.30-3.39 (d, 2H, 5-CH2), 3.70 (s, 

3H, 5-OMe) 4.09 (m, 2H, 5´-CH2), 4.25-4.36 (m, 1H, 3´-H), 5.19-5.21 (m, 1H, 4´-H), 6.26-

6.29 (m, 1H, 1´-H), 7.53 (s, 1H, 6-H), 8.30 (s, 1H, 3-NH). 

 

2.5.8   Synthesis of 5-[N-[N,N-Bis(2-trifluoroacetamidethyl)amino]ethyl]carbamoyl-

methyl-2´-deoxyuridine (12). 

 

O

AcO

OAc

HN

N
O

OMe

O

O

10

N(CH2CH2NH2)3

MeOH, DMAP O

HO

OH

HN

N
O

H
N

O

O

11

N

NH2

NH2
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The compound 10 (0.986 g, 2.56 mmol) was reacted with tris(2-aminoethyl)amine (3.75 g, 

25.6 mmol) and 4-dimethylaminopyridine (0.01 g, 0.077 mmol) in methanol and stirred at 

room temperature for 17 hours. The reaction progress was monitored by doing TLC test 

using 15 % MeOH in CH2Cl2. After reaction, the solution was evaporated and the residue 

was dissolved in a small amount of methanol and added drop wise to benzene (200 ml) to 

precipitate 5´-[N-[N,N-bis(2-aminoethyl)-amino]ethyl]carbamoylmethyl-2´-deoxyuridine 

(compound 11) as an oily residue. Then the terminal amino groups were protected without 

further purification.  

 

O

HO

OH

HN

N
O

H
N

O

O

11

N

NH2

NH2

CF3CO2C2H5

MeOH, DMAP O

HO

OH

HN

N
O

H
N

O

O

N

NHCOCF3

NHCOCF3

12

 

 

Ethyl trifluoroacetate (3.94 ml, 33.1 mmol) was added drop wise to a solution of compound 

11 in methanol (100 ml) containing 4-dimethylaminopyridine (0.01 g, 0.077 mmol).  The 

reaction mixture was stirred at room temperature for 20 hours and progress of reaction was 

checked by TLC using a solvent system of 15 % MeOH in CH2Cl2. The resulting reaction 

residue was then concentrated under reduced pressure and was purified by silica gel column 

chromatography with the same solvent system. The amount of obtained pure compound 12 

is 0.942 g (61 % from 10).   1H NMR (400 MHz, D2O) δ (ppm) = 2.26-2.31 (m, 2H, 2´-H),  

2.60-2.66 (m, 6H, N(CH2-)3), 3.19-3.31 (m, 8H, C5-CH2- and NHCH2-  X3), 3.66-3.72 (m, 

2H, 5´-CH2), 3.92 (m, 1H, 3´-H), 4.35-4.36 (m, 1H, 4´-H), 6.16-6.20 (t, 1H, 1´-H), 7.69 (s, 

1H, 6-H). 



Chapter 2  
 

79 
 

2.5.9 Synthesis of 5´-O-(4,4´-Dimethoxytrityl)-5-[N-[2-N,N-bis(2-trifluoroacetamid-

ethyl)amino]ethyl]carbamoylmethyl-2´-deoxyuridine (13). 

 

 

O

HO

OH

HN

N
O

H
N

O

O

N

NHCOCF3

NHCOCF3

DMTr-Cl

pyridine O

DMTrO

HO

HN

N
O

H
N

O

O
N

NHCOCF3

NHCOCF3

1312

 

The compound 12 (0.812 g, 1.34 mmol) was reacted with 4,4´-dimethoxytrityl chloride 

(DMTr-Cl, 0.59 g, 1.74 mmol) in dry pyridine(15 ml) containing 4-dimethylaminopyridine 

(10 mg, 0.082 mmol) at room temperature for 2 hours. The reaction progress was monitored 

with TLC using 10 % MeOH in CH2Cl2 with 1 % TEA. After reaction, a small amount of 

methanol (5 ml) was added to the reaction mixture and then dissolved this reaction mixture 

into CH2Cl2 (100 ml) and washed three times with saturated solution of sodium bicarbonate. 

The organic layer was then collected, dried with Na2SO4, filtered, and solvent was 

evaporated under reduced pressure. The product was purified by silica-gel column 

chromatography using 10 % MeOH in CH2Cl2 with 1% TEA as an eluent. Yield of 

compound 13 is 68%.  1H NMR (400 MHz, CDCl3) δ (ppm) = 2.46-2.56 (m, 6H, N(CH2-)3), 

2.60-2.64 (m, 8H, C5-CH2), 3.30-3.36 (m, 6H, NHCH2-  X3), 3.47 (s, 2H, 5´-CH2), 3.76 (s, 

6H, OCH3 of DMTr), 4.03-4.04 (d, 1H, 3´-H), 4.55-4.56 (t, 1H, 4´-H), 6.21-6.25 (t, 1H, 1´-

H), 6.81-6.83 (m, 4H, H-Ar of DMTr), 7.24-7.27 (m, 9H, H-Ar of DMTr), 7.76 (s, 1H, 6-

H). 
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2.5.10   Synthesis of 5´-O-(4,4´-Dimethoxytrityl)-5-[N-[2-N,N-bis(2-trifluoroacetamid-

ethyl)amino]ethyl]carbamoylmethyl-2´-deoxyuridine-3ˊ-O-yl(2-cyanoethyl)-N,N-diiso-

propylphosphoramidite (14).   

 

 

O

DMTrO

OH

HN

N
O

H
N

O

O
N

NHCOCF3

NHCOCF3

DIPEA, dry-CH2Cl2

P
O(i-Pr)2N

Cl

CN

O

DMTrO

O

HN

N
O

H
N

O

O

P
N O

CN

14

N

NHCOCF3

NHCOCF313

 

 

5´-DMTr-Nucleoside derivative (Compound 13, 0.804 g, 0.88 mmol) was dissolved into dry 

dichloromethane and added N,N-diisopropylethylamine (1.0 ml) to the mixture and stirred 

few minutes under N2 atmosphere at room temperature. Thereafter, 0.6 ml 2-cyanoethyl-

N,N-diisopropylchloro phosphoramidite solution was added drop wise to the reaction 

mixture and continued stirring for another 2 hours. The reaction progress was monitored by 

TLC using ethyl acetate-methanol-triethylamine (16/1/2, v/v/v). After reaction, 6 ml 

methanol was added to the reaction mixture and dissolved it into ethyl acetate (100 ml) and 

washed three times by saturated solution of sodium bicarbonate, collected the organic layer, 

dried with Na2SO4, filtered, and solvent was evaporated under reduced pressure. Finally, the 

product was purified by silica gel column chromatography using the same solvent system 

used for TLC test. The appropriate fractions were collected, evaporated under reduced 
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pressure and the obtained compound 14 is 0.774 g (79 %).  1H NMR (400 MHz, CDCl3) δ 

(ppm) = 1.04-1.24 (m, 12H, iPr), 2.03 (s, 2H, 2´-H),  2.48-2.62 (m, 16H, N(CH2-)3, C5-CH2, 

N(CH=)2), 3.17-3.19 (m, 6H, NHCH2-  X3), 3.31-3.33 (m, 2H, 5´-CH2) , 3.77 (s, 6H, OCH3 

of DMTr),  4.66-4.67 (m, 1H, 4´-H), 6.30-6.33 (t, 1H, 1´-H), 6.82-6.84 (m, 4H, H-Ar of 

DMTr), 7.24-7.28 (m, 9H, H-Ar of DMTr), 7.78 (s, 1H, 6-H), 7.87-7.88 (d, 6H, NHCH2-  

X3) . 31P NMR (400 MHz, CDCl3) δ (ppm) = 149.51-149.59. 

 

2.5.11 Oligonucleotides Synthesis.  

 

The oligonucleotides containing C-5 modified 2´-deoxyuridine and a dimethylsilylated 

pyrene at the 5´-terminus were synthesized on an automated DNA synthesizer (Applied 

Biosystems ABI-392) using standard protocol. The C-5 polyamine bearing modified 2´-

deoxyuridine analogs were incorporated into the oligonucleotides in a manner similar to that 

reported previously [48-49]. The phosphoramidite derivative of dimethylsilylated pyrene 

was incorporated at the oligomers’ 5´-termini using higher concentration of the amidite, as 

described previously [50]. After the assembly, the support bound modified oligoDNA was 

treated with concentrated ammonium hydroxide at 55 0C for 12 hours. Thereafter the 

oligomer was purified by reversed-phase HPLC, ethanol precipitation and Sephadex G-25 

gel filtration.  

 

2.5.12 Melting Temperature Analysis.  

 

A solution of either 3 µM oligonucleotide or its complex of 3 µM of each strand in a buffer 

of 10 mM sodium phosphate containing 100 mM NaCl was heated 90 ˚C for 3 minutes, 

cooled gradually to room temperature, and then used for the melting temperature study. UV 

absorbance was measured at 260 nm on a Shimadzu UV-2450 Spectrophotometer equipped 
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with a temperature controller. The rate of heating was 0.1°C/min. Tm values were determined 

from the first differentials of the absorbance versus temperature plot using Igor graphing 

and data analysis program (Wave Matrices, Inc.). 

 

2.5.13 Fluorescence Measurements.  

 

Fluorescence measurements were carried out in F-4500 Fluorescence Spectrophotometer in 

a 3 ml cuvette with excitation at 350 nm and detection at 360-500 nm. All measurements 

were conducted in 10 mM sodium phosphate containing 100 mM sodium chloride with a 

concentration of 1.0 µM each strand.   
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Pyrene as a Fluorophore  

 

 

 

 

 



Chapter 3 
 

87 
 

3.1 Abstract 

 

A novel pseudo-dumbbell type molecular beacon probe (Probe 1, formerly designated as 

GK-2139) possessing polyamine-connected deoxyuridine (U) and silylated pyrene has 

discussed in the previous chapter. The probe showed weak fluorescence signal while it 

stayed alone. Fluorescence signal of the probe was increased in the presence of the 

complementary DNA. In this study, I prepared new molecular beacon probes. Probe 2 and 

Probe 3 possess elongated stem portion of Probe 1. In addition, one U in Probe 2 is 

substituted by anthraquinone-bearing deoxyuridine residue (Y) in Probe 3. Probe 4 is 

essentially same as Probe 1 but one deoxyguanosine in the loop portion of Probe 1 is 

substituted by a deoxyinosine in Probe 4. In Probe 5, 3ˊ-terminal deoxycytidine of Probe 

3 is substituted by deoxyadenosine. Fluorescence signal of these probes is effectively 

quenched in the absence of target DNA. Among all, Probe 3 shows the most effective 

quenching. On the other hand, the signal of all probes is substantially increased in the 

presence of complementary DNA. The ratio of signal to background in case of Probe 3 is 

the highest. All these probes can also recognize single nucleotide alternation in the target 

DNA in different extent. The sequence recognition ability of Probe 3 is also the highest 

among all the probes.  

 

3.2 Introduction 

 

Fluorescently labeled oligonucleotide probe is remarkably important as a tool in modern life 

science for medical diagnostics and genetic studies [1-3]. One of the most useful probe for 

the detection of nucleic acid is a so-called molecular beacon probe (MB) [4-10]. Molecular 

beacon probe undergoes a close to open conformational change in the absence and presence 

of target DNA with simultaneous characteristics changes in their fluorescent intensities [11-

15]. Traditional molecular beacon probe is doubly end-labeled with a fluorophore 
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(fluorescence donor) and a fluorescence quencher (acceptor) that is usually formed a stem-

loop structure of oligonucleotides (Figure 3.1) [16-17]. The stem structure brings the  

  

 

 

 

 

 

 

 

 

 

Figure 3.1: Structural characteristics of molecular beacon probes. (a) A typical molecular 

beacon DNA probe. (b) Molecular beacon working principle. (cited from ref. 16) 

 

fluorophore and quencher in close proximity allowing energy to be transferred directly from 

the fluorophore to the quencher. When the probe meets a target DNA or RNA molecule, the 

stem-loop structure is resolved into a linear probe-target hybrid that is longer and more 

stable than the stem hybrid. As a result of this conformational rearrangement, the 

fluorophore and the quencher move apart from each other, restoring fluorescence emission. 

Since the first invention of molecular beacon by Tyagi et al. [18], many approaches have 

been developed by many researchers [19-24]. A recent most attractive of such development 
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is the inclusion of quencher free molecular beacon probes [25-28]. The quencher free 

molecular beacons are the oligonucleotides which are mono-labelled in the loop [25], or in 

the stem [26] and also multi-labelled in the loop [27], or in the stem [28] (Figure 3.2 and 

3.3).  In those quencher free molecular beacon probes, natural nucleobase, guanine and 

thymine, are used as an internal quencher [26-27] and graphene oxide [25] is used as an 

external quencher. The monomer-excimer emission is also used to develop this kind of 

quencher free molecular beacon [28]. 

 

 

Figure 3.2: Quencher free molecular beacon (a) mono-labelled and (b) multi-labelled in the 

stem portion. [cited from ref. (a) 29, (b) 30 ] 
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Figure 3.3: Quencher free molecular beacon (a) mono-labelled and (b) multi-labelled in the 

loop portion. [cited from ref. (a) 25, (b) 27 ] 

 

Meanwhile, our group has developed a novel silylated pyrene derivative possessing 

dimethylsilyl function with modifiable terminal group as a new labeling agent of biological 

substances such as oligoDNA [31-33] and lipids [34].  The compound is more advantageous 

as a fluorescent labeling agent compared to original pyrene since it exhibits enhanced (more 

than 2 times) fluorescent quantum yield along with the bathochromic shift in absorption and 

emission, due to the Si-associated  interaction [35-36]. Once the derivative is 

incorporated into 5ˊ-terminus of DNA molecule, however, the fluorescence signal of the 
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derivative is severely quenched by neighboring nucleobase including thymine, cytosine and 

guanine because of the photoinduced electron transfer [37]. Utilizing these unique features 

of silylated pyrene molecule, I have developed a novel quencher-free MB system (Probe 1, 

Figure 3.4) and recently reported [38]. The probe has partial self-complementary sequence 

and, therefore, it forms pseudo-dumbbell type of secondary structure. In that form, silylated 

pyrene molecule introduced at 5ˊ-terminus of the probe is presumed to be in the proximal  

  

 

 

Figure 3.4: Basic structure and working principle of newly developed quencher free 

molecular beacon Probe-1 bearing silylated pyrene at 5ˊ-terminus. 

 

position to deoxycytidine residue at 3ˊ-terminus.  In the study, I have found that the probe 

gives only a weak fluorescence signal while it stays alone in near physiological conditions. 

Whereas, the signal substantially increases upon binding to the complementary DNA with 

the loop portion. Thus, the probe possesses target-detecting ability in terms of its 
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characteristic change on fluorescence signal. The probe also exhibits certain sequence 

discriminating ability.   

 

 For further exploration to develop a new fluorescent probe for the detection of specific gene 

fragments, I have synthesized several new molecular beacon probes (Probes 2 to 5) by 

modifying their stem portion or substituting certain deoxyguanosine residue to deoxyinosine 

residue. Here, I would like to present the results of the studies about the fluorescence 

properties as well as the thermal stabilities of both the secondary structures of the new 

probes and the duplexes containing the probes to find out the influence of those 

modifications to the fluorescence properties of the probes.  

 

3.3 Results and Discussion 

 

3.3.1 Synthesis of [1-(Pyrenyl)dimethylsilylmethyl]-(2-cyanoethyl-N,N-diisopropyl-

phosphoramidite (5)  

 

The phosphoramidite derivative of dimethylsilylated pyrene was prepared from a starting 

material of pyrene using the same procedure as described in the previous chapter 2, Section 

2.3.1.  

 

3.3.2 Synthesis of 3´, 5´-O-Diacetyl-5-methoxycarbonylmethyl-2´-deoxyuridine (10). 

 

The synthesis of compound 10 from D-Arabinose using the same procedure described in 

Chapter 2, Section 2.3.2. 
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3.3.3 Synthesis of 1-(2-Aminoethylamino) anthraquinone (16) 

 

The anthraquinolyldiamine derivative (compound 16) was prepared from 1-

chloroanthraquinine (compound 15) and ethylenediamine is shown in Scheme 3.1. The 

starting material (15) was reacted with ethylenediamine in toluene under reflux at 120 °C 

for 24 hours. The appropriate fractions were collected, evaporated under reduced pressure 

and the obtained compound 16. 

 

 

 

Scheme 3.1: Synthesis of 1-(2-Aminoethylamino) anthraquinone 

 

 

3.3.4 Synthesis of 5-Carboxy methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine (19) 

 

The synthesis of 5-Carboxy methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine (compound 19) from 

compound 10 is shown in Scheme 3.1. At first, the compound 17 was synthesized from 

compound 10 by reacting with triethlyamine using MeOH as a solvent at room temperature. 

The incorporation of DMTr- group into compound 17 was then by dissolving it into dry-

pyridine and reacting with DMTr-Cl at room temperature. The compound 18 was then 

hydrolyzed by 1 M LiOH.H2O at room temperature and prepared compound 19.  
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Scheme 3.2: Synthesis of 5-Carboxy methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine [ref. 39-41] 

 

 

3.3.5 Introduction of anthraquinone moiety to the C-5 position of deoxyuridine 

 

5-Carboxy methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine (compound 19) was condensed with 1-(2-

Aminoethylamino) anthraquinone (compound 16) with dimethoxytriazinyl N-

methymorpholinium chloride (DMT-MM) in DMF at room temperature and the desired 

compound (20) was obtained which was subsequently converted to corresponding 

phosphoramidite (21). The phosphoramidite derivative was synthesized by mixing with N-

ethyl-N,Nˊ-diisopropylamine in dry dichloromethane and was stirred under N2 atomosphere 

at room temperature for 10 min. Thereafter, the phosphitylating reagent, chhloro-(2-

cyanoethoxy) diisopropylaminophosphine was added drop wise to the previous mixture 

under N2 atmosphere at room temperature. After this mixture was stirred for another 1 hour 

and extracted with dichloromethane. The organic layer was then dried with anhydrous 
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sodium sulfate and evaporated to dryness. The crude product was purified by silica-gel 

column chromatography using Ethyl acetate with 2% triethylamine as an eluent. The 

compound was further purified by treating into a cold solution of 20% diethyl ether in 

hexane to get a more pure compound. The synthesis steps are shown in Scheme 3.3. 

 

 

 

 

Scheme 3.3: Synthesis of 5´-O-(4,4´-dimethoxytrityl)-5-[N-[2-[N-(anthraquinon-1-

yl)amino]ethyl]carbamoylmethyl]-2´-deoxyuridine-3ˊ-O-yl (2-cyanoethyl)-N,N-diiso-

propylphosphoramidite (21)  [ref. 39-41] 
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3.3.6 Synthesis of modified oligoDNA possessing C-5 modified deoxyuridine and 

silylated pyrene 

 

All the modified oligomers were synthesized using an automated DNA synthesizer (ABI 

392). Incorporation of the C-5 modified 2ˊ-deoxyuridine derivative into the oligomers was 

carried out using previously reported methods [39-41]. Incorporation of phosphoramidite 

derivative of dimethylsilylated pyrene was carried out in a manner similar to that described 

previously [31]. After the assembly, the support-bound fluorescent oligoDNA was treated 

with concentrated ammonium hydroxide (55 ˚C, 12 h) followed by reversed-phase HPLC 

and gel-filtration as usual. The structure and sequences of all modified oligonucleotides and 

complementary DNA as well as complementary DNA with one base mismatches are shown 

in Table 3.1. In the molecular beacon probes, the silylated pyrene molecule (X) was placed 

at the 5´-terminus neighboring consecutive deoxyadenosine residues through 

phosphodiester linkage. In addition, modified deoxyuridine residues bearing either 

polyamine molecule (U) or anthraquinone molecule (Y) at their C-5 position are placed 

instead of natural thymidine residues in the stem-forming region. In all cases, oligoDNA 

probes were designed by comprising a self-complementary sequence stem portion and a 15 

nt long loop portion which is complementary to HIV-1 tat/rev sequence. In this structure, 

silylated pyrene connected next to consecutive dA residues will be in a closed proximately 

position of dC residue at 3´-terminus (Figure 3.5). After synthesis, the oligonucleotides were 

then purified by reversed phase HPLC, ethanol precipitation and Sephadex G-25 gel 

filtration. HPLC spectrum of Probe 1 formerly designated as GK-2139 are shown in 

Chapter 2, Figure 2.6 and 2.7. The HPLC spectrum of other oligomers before purification 

and after purifications are shown in Figure 3.6 to 3.13. On the other hand, the ESI-mass data 

with optical density and yield of Probe 1, ODN-1 (GK-1104), ODN-4 (GK-1105) are also 

shown in Chapter 2, Table 2.3. However, the structures of the other oligomers which were 
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also confirmed by ESI-mass spectrophotometer and their optical density, % yield and 

calculated and found ESI-mass data are shown in Table 3.2.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5:  Basic structure and principle of molecular beacon probe bearing silylated 

pyrene at 5ˊ-terminus. (Reproduced with permission from ref. 42. Copyright 2015, 

Chemical Society of Japan) 
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 Table 3.1:  Sequence and structure of modified oligonucleotides. (Reproduced with 

permission from ref. 42. Copyright 2015, Chemical Society of Japan) 

Name Sequence a,b,c 

Probe 1 3′-CUTTTAGUTUAAGTACTGTTTTCGGAAA-X-5′ 

Probe 2 3′-CCUTTTAGGUTUAAGTACTGTTTTCGGAAA-X-5′ 

Probe 3 3′-CCUTTTAGGYTUAAGTACTGTTTTCGGAAA-X-5′ 

Probe 4 

Probe 5 

3′-CUTTTAGUTUAAGTACTGTTTTCGIAAA-X-5′ 

3′-ACUTTTAGTYTUAAGTACTGTTTTCGGAAA-X-5′ 

ODN-1 5′-TGTTTCATGACAAAAGCC-3′ 

ODN-2 5′-TGTTTCATGAGAAAAGCC-3′ 

ODN-3 5′-TGTTTCATGTCAAAAGCC-3′ 

ODN-4 5′-TGTTTCATCACAAAAGCC-3′ 
 

a U denotes the polyamine bearing deoxyuridine, X denotes the dimethyl silylated pyerene, Y denotes 

the anthraquinone bearing deoxyuridine and I denotes deoxyinosine. b Italicized letters indicate the 

complementary region to ODN-Probe. c Bold and underlined letters in ODN 2-4 indicate the 

corresponding single-nucleotide alternations to fully matched target DNA (ODN-1). 
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HPLC Condition 

 

Column: Wakosil 5 C18 (Ø 4.6 mm X 250 mm)   

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile 

Gradient:  

 

 

 

Figure 3.6:  HPLC profile of Probe 2 at 260 nm and 350 nm before purification. 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm)  

Flow rate: 0.75 ml/min 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile 

Gradient:  

 

  

 

Figure 3.7:  HPLC profile of Probe 2 at 260 nm and 350 nm after purification. 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm)   

Flow rate: 0.75 ml/min 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile  

Gradient:  

 

 

 

Figure 3.8:  HPLC profile of Probe 3 at 260 nm and 550 nm before purification. 

Time (min.) 0 10 20 30 

B (%) 20 30 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile  

 

 

   

 

Figure 3.9:  HPLC profile of Probe 3 at 260nm and 550nm after purification. 

Time (min.) 0 10 20 30 

B (%) 20 30 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA  

  B: Acetonitrile 

 

 

 

 

Figure 3.10:  HPLC profile of Probe 4 at 260 nm and 350 nm before purification 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA  

  B: Acetonitrile 

Gradient:  

 

   

 

Figure 3.11:  HPLC profile of Probe 4 at 260 nm and 350 nm after purification. 

Time (min.) 0 10 20 30 

B (%) 20 25 30 40 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm)   

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile  

Gradient:  

 

 

 

Figure 3.12:  HPLC profile of Probe 5 at 260 nm and 550 nm before purification. 
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HPLC Condition 

Column: Wakosil 5 C18 (Ø 4.6mm X 250mm) 

Flow rate: 0.75 ml/min 

 

DMTr-ON 

Eluent:  A: 100 mM TEAA      

B: Acetonitrile  

 

 

   

 

Figure 3.13:  HPLC profile of Probe 5 at 260 nm and 550 nm after purification. 
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Table 3.2:  ESI-mass data of oligonucleotides 

 

Oligonucleotides ESI-mass ODa (/ml) Isolated 

Yield (%) 
 

Found Calculated 

Probe 2 10087.14 10087.05 41.2 13.7 

Probe 3 10209.15 10209.13 9.6 3.2 

Probe 4 9453.86 9453.65 70.0 31.7 

Probe 5 10208.07 10208.14 51.4 16.8 

ODN-2 5602.66 5602.60 52.6 29.5 

ODN-3 5553.57 5553.56 70.0 40.9 

 

aOptical density is the absorbance of the oligonucleotides at 260nm per unit distance 

 

 

3.3.7 Duplex forming ability of new MB probes. 

 

The duplex forming ability of all new molecular beacon probes possessing polyamine-

connected deoxyuridine, anthraquinine-connected deoxyuridine and also silylated pyrene 

was studied by Circular Dichroism (CD) Spectroscopy (Figure 3.14). The CD spectra were 

measured by taking the probe alone and duplex with their complementary DNA. In all cases, 

the spectra of the corresponding duplex DNA showed clear positive and negative Cotton 

effect (peak and trough) within the wavelength region of 250 to 280nm.   
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                                    a                                                                       b 

                                                                                                                                                             

C d 

  

  

Figure 3.14: CD spectra of MB probes alone and its duplex with full-match (ODN-1). (a) 

Probe 1 and its duplex with ODN-1 (b) Probe 2 and its duplex with ODN-1 (c) Probe 3 

and its duplex with ODN-1 DNA (d) Probe 4 and its duplex with ODN-1. 1.0 µM 

concentration of each oligonucleotides was used in this study and the buffer system used 

was 10 mM sodium phosphate and 100 mM sodium chloride. 

-600

-400

-200

0

200

400

600

800

1000

220 270 320 370

M
o

l.
 E

ll
ip

. 

Wavelength (nm)

Probe 1 alone

Probe 1 + ODN-1

-600

-400

-200

0

200

400

600

800

220 270 320 370M
o

l.
 E

ll
ip

. 

Wavelength (nm)

Probe 2 alone

Probe 2 + ODN-1

-600

-400

-200

0

200

400

600

220 320 420 520

M
o

l.
 E

lli
p

. 

Wavelength (nm)

Probe 3 alone

Probe 3 + ODN-1

-600

-400

-200

0

200

400

600

800

220 270 320 370M
o

l.
 E

lli
p

. 

Wavelength (nm)

Probe 4 alone

Probe 4 + ODN-1



Chapter 3 
 

109 
 

3.3.8 Fluorescence properties of the probes  

 

The fluorescence properties of the novel stem-loop type MB (Probe 1) possessing 

polyamine-connected deoxyuridine and silylated pyrene has discussed in chapter. The probe 

gives only a weak fluorescence signal while it stays alone in near physiological conditions. 

Under the conditions, the probe forms a pseudo-dumbbell shaped structure (Figure 3.5) and 

observed fluorescence quenching is presumably due to the photoinduced electron transfer 

involving the adjacent deoxycytidine (dC) residue in the structure. Whereas, the signal 

substantially increased upon binding to form a complex with the complementary DNA to 

the loop portion.  

 

 At first, I investigated the time dependency of the observed fluorescence increment of 

Probe 1 in the same conditions mentioned above (10 mM sodium phosphate buffer 

containing 100 mM sodium chloride). Thus, the fluorescence signal of Probe 1 under the 

presence of ODN-1 was measured in different time periods and the results are depicted in 

Figure 3.15-a. As shown in the figure, the probe exhibited marked fluorescence signal at 

380 nm upon excitation at 350 nm within few minutes after the addition of ODN-1 in the 

solution. Figure 3.15-b summarizes the time-dependent increment of the fluorescence signal 

at 380 nm. As it is clear from Figure 3.15-b, the fluorescence signal increased rapidly and 

almost reached a plateau within 10 min. In the following experiments, therefore, 

fluorescence signal was measured at about 30 min after the mixing of the probes and the 

complements.  
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Figure 3.15: (a) Fluorescent spectra of Probe-1 (1.0 μM) changes upon addition of ODN-

1 in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room 

temperature. The spectra were collected at 5 minutes intervals after addition of ODN-1 to 

the solution of Probe 1. (b) Kinetic curve of fluorescence signal of Probe 1 (1.0 μM) at 380 

nm with ODN-1 (1.0 μM). Excitation wavelength is 350 nm. (Reproduced with permission 

from ref. 42. Copyright 2015, Chemical Society of Japan) 

 

The fluorescence spectra of Probe 1 were also investigated by changing the concentration 

of ODN-1 (complementary DNA) concentration at room temperature using the same buffer 

system (Figure 3.16). Two different concentration of ODN-1 were used in this study (1 μM 

and 5 μM). However, the concentration of Probe 1 in both cases of ODN-1 was used 1.0 

μM solution. Thus it makes the solutions of two different ratio of Probe 1 and ODN-1 (1:1 

and 1:5). The fluorescence intensity of Probe 1 significantly increased with the increase of 

the ODN-1 concentration. The quantum yield of Probe 1 with ODN-1 at a 1:1 ratio was 

0.16.  However, the quantum yield at a 1: 5 ratio showed around 0.27.  
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Figure 3.16: Fluorescent spectra of Probe 1 alone and duplex with ODN-1 in 10 mM sodium 

phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The concentration 

of probe 1 used in all cases is 1.0 μM and concentration of ODN-1 used 0, 1 and 5 μM. 

Excitation wavelength is 350nm. 

 

The florescence spectra of other molecular beacon probes as well as the complexes with 

their complement are shown in Figure 3.17. In all cases, fluorescence signal of the probes 

were effectively quenched while they stayed alone in the solution. As shown in Figure 3.17, 

however, the extent of the quenching is varied among the probes. The quenching in Probe 

2 and Probe 4 seems to be slightly less effective compared to that of the original Probe 1.  
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Figure 3.17: Fluorescent spectra of MB probes and complexes with ODN-1 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 

(Reproduced with permission from ref. 42. Copyright 2015, Chemical Society of Japan) 

 

 

The quenching of fluorescence signal in Probe 3 is found to be the most effective among 

the probes. The observed quantum yield (f) of Probe 3 is 0.002 and the value is 

significantly lower than that of Probe 1 (f = 0.008), Probe 2 (f = 0.017) and Probe 4 (f 

= 0.015). Since Probe 3 possesses modified deoxyuridine residue bearing anthraquinone 

moiety, a well known fluorescence quencher, at its C-5 position, the observed effective 

quenching in Probe 3 could be attributed due to the additional quenching effect brought by 

the anthraquinone moiety in the stem portion. Using Probe 5 which does not have 
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deoxycytidine at 3’-terminas, we tried to estimate the quenching effect of anthraquinone in 

Probe 3. As it is listed in Table 1, the observed quantum yield of Probe 5 is 0.003 and the 

value is nearly same as that of Probe 3. The result strongly suggests that the effective 

quenching in Probe 3 is mainly brought by the anthraquinone moiety and the effect is 

greater than that of deoxycytidine, at least, in the current probes.   

 

The presence of complementary DNA (ODN-1) brought about the distinct increase on the 

fluorescence signal of all probes as those are depicted in Figure 3.17. The observed 

increment of the signal can be attributed to the loss of the secondary structure of the probes 

along with the formation of a double helical complex with ODN-1. Although the sequence 

recognition portion in all the probes are identical, there were slight differences in the 

magnitude of their fluorescence signal. The f values of the complexes of Probe 2, Probe 

3, Probe 4  and Probe 5 with ODN-1 were 0.165, 0.120 0.153 and 0.124 respectively (f 

for the complex of Probe 1 + ODN-1 is 0.160). Among the complexes, the complex of 

Probe 2 + ODN-1 exhibited highest f value and that is slightly larger than that of Probe 

1. The quantum yield of probe-target complex of Probe 3 was the lowest among all. On the 

other hand, the ratio between the quantum yield of probe itself versus probe-target complex 

(background to signal) in Probe 3 was 1:60 and it was the highest ratio since the ratio for 

Probe 1, Probe 2, Probe 4 and Probe 5 are 1:20, 1:9.7, 1:10.2 and 1:41.3, respectively 

(Table 3.3). The data indicate that Probe 3 is a quite sensitive probe reporting the existence 

of certain gene fragment in solution through the change of its fluorescence signal.     
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Table 3.3:  Sequence discrimination ability of different MB probes. (Reproduced with 

permission from ref. 42. Copyright 2015, Chemical Society of Japan) 

Oligonucleotides Quantum Yield Qcomplex/Qprobe
a Qmis/Qfull

b 

Probe 1 0.008 -- -- 

Probe 1+ODN-1 0.160 20.00 1.00 

Probe 1+ODN-2 0.102 12.75 0.64 

Probe 1+ODN-3 0.104 13.00 0.65 

Probe 1+ODN-4 0.050 6.25 0.31 

Probe 2 0.017 -- -- 

Probe 2+ODN-1 0.165 9.71 1.00 

Probe 2+ODN-2 0.122 7.18 0.74 

Probe 2+ODN-3 0.125 7.35 0.76 

Probe 2+ODN-4 0.089 5.24 0.54 

Probe 3 0.002 -- -- 

Probe 3+ODN-1 0.120 60.00 1.00 

Probe 3+ODN-2 0.062 31.00 0.52 

Probe 3+ODN-3 0.071 35.50 0.59 

Probe 3+ODN-4 0.049 24.50 0.41 

Probe 4 0.015 -- -- 

Probe 4+ODN-1 0.153 10.20 1.00 

Probe 4+ODN-2 0.115 7.67 0.75 

Probe 4+ODN-3 0.119 7.93 0.78 

Probe 4+ODN-4 0.087 5.80 0.57 

Probe 5 0.003 -- -- 

Probe 5+ODN-1 0.124 41.33 1.00 

Probe 5+ODN-2 0.101 33.66 0.81 

Probe 5+ODN-3 0.088 29.33 0.71 

Probe 5+ODN-4 0.079 26.33 0.64 

 

 a Ratio of quantum yield of complexes (Qcomplex) with that of probes alone (Qprobe). 
b Ratio 

of quantum yield of mismatched complexes (Qmis) with that of matched strand (Qfull) 
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3.3.9 The effect of mismatch in the target DNA to the fluorescence signal of the probes 

  

The effect of single nucleotide alteration in the complementary DNA to the fluorescent 

signal was also investigated using single mismatched targets, namely ODN-2 to ODN-4. In 

the targets, one nucleotide unit near middle of the complementary sequence to the probes is 

altered from the full-matched target (ODN-1) as those are indicated in Table 3.1. The 

combination of the mismatch includes G/G, T/T and C/C. The obtained fluorescence signal 

of the complexes consisting of the probes and mismatched targets decreased in all cases 

compared to those of the corresponding complexes consisting of the probes and fully 

matched target (ODN-1) as those are shown in Figure 3.18 to 3.22. Thus, all probes 

recognized single nucleotide alternation in the target in terms of the fluorescence signal. 

However, recognition of ODN-4 by the probes seems to be accomplished most effectively 

since the decrement of the fluorescence signal on ODN-4 was more prominent compare to 

those on other combination of mismatch in all tested cases. Recognition of ODN-2 seems 

to be almost same or a little bit worth than the recognition of T/T mismatch using ODN-3.  

 

According to the results, Probe 3 recognizes nicely all the three mismatches since the ratio 

between the quantum yields of probe-fully matched target versus probe-mismatched targets 

in Probe 3 exhibited smaller values than other cases.  
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Figure 3.18: Fluorescent spectra of Probe 3 and complexes with ODN-1 to 4 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 

(Reproduced with permission from ref. 42. Copyright 2015, Chemical Society of Japan) 

 

 

 

 

 

 

 

 

 

 

Figure 3.19: Fluorescent spectra of Probe 1 and complexes with ODN-1 to 4 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 

0

50000

100000

150000

200000

250000

300000

360 410 460

F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty

a
rb

. 
u

n
it

Wavelength (nm)

Probe 3

Probe 3+ODN-1

Probe 3+ODN-2

Probe 3+ODN-3

Probe 3+ODN-4

0

20

40

60

80

100

120

140

160

180

360 410 460

F
lu

o
re

sc
en

ce
 I

n
te

n
si

ty
 

a
rb

. 
u

n
it

Wavelength (nm)

Probe 1
Probe 1+ODN-1
Probe 1+ODN-2
Probe 1+ODN-3
Probe 1+ODN-4



Chapter 3 
 

117 
 

 

 

Figure 3.20: Fluorescent spectra of Probe 2 and complexes with ODN-1 to 4 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 

 

 

 

Figure 3.21: Fluorescent spectra of Probe 5 and complexes with ODN-1 to 4 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 

(Reproduced with permission from ref. 42. Copyright 2015, Chemical Society of Japan) 
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3.3.10 The effect of deoxyinosine to the fluorescence signal of Probe 4 

 

As the f value of the complex consisting of Probe 1 and ODN-1 was much smaller than 

that of silylated pyrene, it was speculated that this could be partially reasoned by long-range 

fluorescence quenching effect of deoxyguanosine residues near 5ˊ-teminus. Therefore, I 

have substituted the 4th deoxyguanosine residue in Probe 1 to deoxyinosine in Probe 4 

expecting to have larger f value for Probe 4 after the formation of complex with ODA-1. 

However, it could not see any such effect since fluorescent quantum yield of the complex 

consisting of Probe 4 and ODN-1 was almost same as that of the complex consisting of 

Probe 1 and ODN-1 as it is shown in Table 3.3. 

 

 
 

 

 

Figure 3.22: Fluorescent spectra of Probe 4 and complexes with ODN-1 to 4 in 10 mM 

sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at room temperature. The 

concentration of each oligonucleotide is 1.0 μM. Excitation wavelength is 350 nm. 
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3.3.11 Hybridization abilities of molecular beacon type probe.  

 

The UV melting studies were performed to identify the duplex forming ability as well as the 

sequence discriminating ability of the molecular beacon type probes. The melting 

temperatures (Tm) of the molecular beacon probes as well as the complexes with their full-

matched and single mismatched targets obtained from the studies are listed in Table 3.4. As 

it mentioned  earlier [38], Tm value of Probe 1 possessing three polyamine bearing 

 

Table 3.4:  UV melting temperatures of MB probes. (Reproduced with permission from 

ref. 42. Copyright 2015, Chemical Society of Japan) 

 

OligoDNA Alone ODN-1  ODN-2  ODN-3  ODN-4 

Tm( 0C)  Tm( 0C) ΔTm( 0C)  Tm( 0C) ΔTm( 0C)  Tm( 0C) ΔTm( 0C) 

Probe 1 37.3 51.4  40.8 10.6  43.0 8.4  36.9 14.5 

Probe 2 41.2 51.3  42.6 8.7  45.7 5.6  36.0 15.3 

Probe 3 45.2 53.7  40.6 13.1  41.7 12.0  36.6 17.1 

Probe 4 35.8 49.5  39.0 10.5  40.0 9.5  32.8 16.7 

Probe 5 45.1 52.9  43.7 9.2  44.7 8.2  35.8 17.1 

 

Conditions: UV melting temperature profile was measured in 10mM sodium phosphate 

buffer containing 100 mM NaCl and 3 µM of each oligonucleotide.  

ΔTm= (Tm value with full matched complement - Tm value with mismatched complement). 

 

deoxyuridine within the 5-bp stem portion was 37.3 °C and it is about 10 °C higher than that 

of the corresponding oligoDNA possessing natural thymidine residues instead of the 

modified deoxyuridine residues. This could be attributed to the duplex-stabilizing effect of 

the modified deoxyuridine residues in Probe 1 [43]. Tm value of Probe 2 possessing three 
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polyamine bearing deoxyuridine within the longer (6-bp) stem portion was around 41 °C. 

Meanwhile, Tm value of Probe 3 was around 45 °C and it is about 4 °C higher than that of 

Probe 2. In Probe 3, one polyamine bearing deoxyuridine in Probe 2 is substituted with 

anthraquinone bearing deoxyuridine. Thus, the result can be explained that anthraquinone 

molecule attached at C-5 position of deoxyuridine through an alkyl linker intercalates into 

double helical portion of Probe 3 to increase the thermal stability [44]. In addition, the data 

indicates that the duplex-stabilizing effect of anthraquinone is stronger than that of the 

polyamine, at least in this case. Tm value of Probe 4 was slightly smaller than that of Probe 

1. The sequence of Probe 4 is almost identical to that of Probe 1 except one deoxyguanosine 

residue in the loop portion of Probe 1 is substituted to deoxyinosine residue (Figure 3.5). 

Probe 5 possessing the same numbers of polyamine bearing deoxyuridine and anthraquinone 

bearing deoxyuridine as Probe 3 exhibited almost same Tm value as Probe 3.  

 

The Tm values of the complexes containing mismatched targets decreased compared to those 

of the complexes containing full matched target (ODN-1) in all cases, however, with 

different extent. Based on the data in Table 3.4, all probes seem to recognize the existence 

of mismatch in ODN-4 most nicely among the tested mismatched targets because the ΔTm 

values for ODN-4 exhibited the largest values. On the other hand, recognition of ODN-3 

was the lowest. In addition, such sequence recognition ability seems to be highest in Probe 

3 because the obtained ΔTm values for Probe 3 exhibited the largest values to all mismatched 

targets. Figure 3.23 shows a comparison of Tm values of different probes and their 

complexes with full matched target and mismatched targets.  
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 Figure 3.23: UV melting temperature of MB probes (alone) and complexes with full 

matched target ODN-1 and single mismatched targets ODN-2 to 4.  

 

As discussed earlier, quenching of fluorescence signal in Probe 3 is most effective among 

the probes while they are staying alone. Also, recognition of the mismatched target by the 

probes in term of fluorescence signal was most effective on ODN-4 since the decrement of 

the fluorescence signal on ODN-4 compared to ODN-1 was the most prominent among all 

the mismatched targets. Thus, there are some correlations between the fluorescence signal 

and thermal stability of the complex formed by the probe and the target. In the cases 

described in this study, we found overall trend that fluorescence signal of the probe was 

effectively quenched as the melting temperature of the probe is increased when the probe 

stays alone. However, in the cases of Probe 3 and Probe 5, anthraquinone moiety affects 

both the increment of thermal stability of the probe and the quenching of the fluorescence 

signal.  In the complex, the complex having larger ΔTm value gives smaller fluorescence 

signal.  
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3.4 Conclusion 

 
New molecular beacon type of probes bearing modified deoxyuridine derivatives and a 

silylated pyrene as a fluorophore were synthesized. The probes have a part of self-

complementary sequence and forms pseudo-dumbbell secondary structure while they stay 

alone. The modified deoxyuridine derivatives are located in the stem portion of the structure 

and 3’-terminal deoxycytidine is presumed to be in the proximal position to silylated pyrene 

at 5’-terminus in the structure. Under the condition, fluorescence signal of the probes are 

efficiently quenched. The terminal deoxycytidine is responsible to the quenching, however, 

anthraquinone moiety located in the opposite position of silylated pyrene seems to have 

greater quenching effect. Also the thermal stability of the secondary structure depends on 

the kind of modification on the modified deoxyuridine residues. On the other hand, the 

signal of the probes markedly recovered while they formed complexes with oligoDNA 

having fully complementary sequence to their large loop portion. The signal, however, 

significantly decreased while they formed complexes with oligoDNA having mismatched 

sequence, in different extent. Thus, the all probes tested in the study possess, more or less, 

an ability to recognize one base alternation in the complementary region of the target in term 

of fluorescence signal. The complex with mismatched target exhibiting larger decrement of 

Tm compared to the complex with full-matched target gives smaller fluorescence signal. 

Thus the thermal stabilities of the secondary structure of the probe and the complex with the 

targets are the part of factors to influence the fluorescence signal of the probe in addition to 

the effective fluorescence quenching brought by anthraquinone.  
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3.5 Experimental 

 

3.5.1 General Information 

 

Reactions under anhydrous conditions were carried out under an atmosphere of nitrogen. 

Reaction progress was observed by thin layer column chromatography on Merck silica gel 

60 F254-precoated plate under UV lamp. Column Chromatography was performed with 

silica gel 60N (neutral, spherical, 63-210µm). 1HNMR and 31PNMR spectra were recorded 

on JOEL (JNM-ECA 400) FT NMR SYSTEM at 400 MHz and 161.8 MHz, respectively, 

using tetramethylsilane as internal standard. ESI-MS spectra were recorded on Perkin Elmer 

API-100 ESI-MS Spectrophotometer. UV-vis spectra were taken on UV-2450 

Spectrophotometer (Shimadzu). Fluorescence spectra were recorded on F-4500 

Fluorescence Spectrophotometer (HITACHI) and Fluoromax-4 Spectrofluorometer 

(HORIBA). Oligonucleotides were purified by reversed-phase HPLC (PU-2089 plus, 

JASCO) attached with UV-vis detector (SPD-10A, Shimadzu) and Chromatopac (C-R8A, 

Shimadzu) using Wakosil 5 C18 column (Ø 4.6 mm X 250 mm). 

 

3.5.2 Synthesis of 1-(2-Aminoethylamino)anthraquinone (16). 

 

ethylenediamine

Toluene

O

O

NH

NH2

15
16

O

O

Cl
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The mixture of ethylenediamine (3 ml, 82 mmol) and 1-chloroanthraquinone (15, 2.0 g, 8.24 

mmol) was stirred at 120 °C for 24 hours. The reaction progress was monitored by TLC 

using 15 % MeOH in CH2Cl2 with 1 % TEA. After reaction, the reaction mixture was cooled 

then concentrated by evaporation. The residue was then chromatographed on a column of 

silica gel with 15 % MeOH in CH2Cl2 with 1 % TEA. The appropriate fractions were 

collected, evaporated under reduced pressure to give an obtained compound 16 (1.66 g, 

76 %). 1H NMR (400 MHz, CDCl3) δ (ppm) = 3.06-3.09 (m, 2H, - CH2-), 3.39-3.46 (m, 2H, 

- CH2), 7.05-7.07 (m, 2H, H-Ar of Aq), 7.52-7.57 (m, 2H, H-Ar of Aq), 8.20-8.27 (m, 2H, 

H-Ar of Aq),   9.90 (br. 1H, -NH) 

 

3.5.3 Synthesis of 5-Methoxycarbonyl methyl-2ˊ-deoxyuridine (17) 

 

O

OAc

N
AcO

HN

O
OMe

O
O

O

OH

N
HO

HN

O
OMe

O
O

TEA

10 17

MeOH

 

 

Compound 10 (0.817 g, 2.1 mmol) was dissolved in dry MeOH (20 ml) and 6 ml of 

triethylamine (TEA) was added into it and stirred for 24 hours at room temperature. After 

reaction, TLC test was done to check the end point of reaction using solvent system of 10 % 

MeOH in CH2Cl2. Compound 17 (0.502 g, 77 %) was then purified by silica-gel column 

chromatography using 15 % MeOH in CH2Cl2. 
1H NMR (400 MHz, CDCl3) δ (ppm) = 1.85-

1.86 (m, 2H, 3ˊ- OH,  5ˊ- OH), 2.23-2.28 (m, 2H, 5-CH2-), 3.58-3.63 (m, 3H, 5-OMe), 3.9 

(s, 1H, 3ˊ- H), 4.32-4.33 (m, 2H,  5ˊ- CH2), 6.13-6.17 (m, 1H, 4ˊ-H), 7.7 (s, 1H, 6-H). 
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3.5.4 Synthesis of 5-Methoxycarbonyl methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine (18) 

 

O

OH

N
HO

HN

O
OMe

O
O

O

OH

N
O

HN

O
OMe

O
O

DMTr

DMTr-Cl

Pyridine

17 18  

 

Compound 17 (0.465 g, 1.55 mmol) was dissolved into dry-pyridine (20 ml) and DMTr-Cl 

(0.787 g, 2.32 mmol) was added into the reaction vessel and stirred the mixture at room 

temperature and  TLC checked at 1.5 hr (50 % EtOAc in CH2Cl2 + 1% TEA). The mixture 

was evaporated under reduced pressure by a prior addition of 5 ml methanol to the mixture. 

The residue is then partitioned between dichloromethane and saturated NaHCO3 solution. 

The organic layer was collected, washed with saturated NaHCO3 solution, dried over 

Na2SO4, and evaporated under reduced pressure and subsequently purified the desired 

compound 18 by silica-gel column chromatography (50 % EtOAc in CH2Cl2 + 1 % TEA). 

The yield of compound 18 was 85 % (0.796 g). 1H NMR (400 MHz, CDCl3) δ (ppm) = 2.32-

2.44 (m, 2H, 2´-H), 3.32-3.35 (m, 2H, C5-CH2-), 3.52 (s, 3H, -OCH3), 3.72 (s, 6H, OCH3 

of DMTr),  4.04-4.08 (m, 1H, 4´-H ), 4.57-4.58 (t, 1H, 3´-H ), 6.41-6.44 (t, 1H, 1´-H ), 6.77-

6.79 (m, 4H, H-Ar of DMTr), 7.20-7.23 (m, 9H, H-Ar of DMTr), 7.76 (s, 1H, 6-H),  
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3.5.5 Synthesis of 5-Carboxy methyl-5ˊ-O-DMTr-2ˊ-deoxyuridine (19) 

 

O

OH

N
O

HN

O
OH

O
O

DMTr

19

O

OH

N
O

HN

O
OMe

O
O

DMTr

18

LiOHaq

THF

 

 

Compound 18 (0.766 g, 1.27 mmol) was dissolved in THF and 14 ml 1M LiOH.H2O was 

added and stirred at room temperature for 2 hours. Reaction progress was checked by TLC 

(10% MeOH in CH2Cl2). The mixture was then treated in ice bath for 15 minutes. After 

cooling, 15 ml dichloromethane was added to the mixture. To make the pH of the solution 

between 5 and 6, sufficient amount of 5% citric acid was added dropwisely to the reaction 

mixture. The mixture was then partitioned between dichloromethane and saturated NaHCO3 

solution. The organic layer was collected, washed with saturated NaCl solution. Thereafter, 

1 ml TEA was added and evaporated under reduced pressure. The yield of crude compound 

19 was 107 % (0.830 g). 1H NMR (400 MHz, CDCl3): δ (ppm) = 2.25-2.28 (m, 2H, 2´-H), 

2.84-2.89 (m, 2H, C5-CH2-), 3.28-3.30 (m, 2H, C5´-CH2), 3.72 (s, 6H, OCH3 of DMTr),  

3.94-3.95 (m, 1H, 4´-H), 4.40-4.41 (d, 1H, 3´-H ), 6.26-3.29 (t, 1H, 1´-H ), 6.77-6.80 (m, 

4H, H-Ar of DMTr), 7.21-7.43 (m, 9H, H-Ar of DMTr). 
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3.5.6 Synthesis of 5´-O-(4,4´-dimethoxytrityl)-5-[N-[2-[N-(anthraquinon-1-yl)amino]-

ethyl]carbamoyl-methyl]-2´-deoxyuridine (20) 

 

DMT-MM, DMF

O

O

NH

NH2

O

OH

DMTrO

HN

NO

O H
N

O
NH O

O

20

16O

OH

N
O

HN

O
OH

O
O

DMTr

19  

 

 

 

Compound 16 (0.376 g, 1.41 mmol) and compound 19 (0.830 g, 1.41 mmol) were condensed 

in dimethyl formamide with condensation reagent DMT-MM (1.28 g, 4.65 mmol). The 

reaction mixture was then stirred at room temperature for 3 hours. The reaction output was 

monitored by TLC using a solvent system of 10 % MeOH in CH2Cl2 +1 % TEA. After 

stopping reaction, the mixture was poured dropwise in a saturated solution of NaCl. The 

mixture was then filtered and washed several times with water during the filtration process. 

The solid residue was vacuum dried and the dried outcome was dissolved into CH2Cl2 and 

evaporated under reduced pressure. Subsequently isolated the desired compound 20 by 

silica-gel column chromatography (10 % MeOH in CH2Cl2 + 1 % TEA). The yield of 

compound 20 was 84 % (0.995 g). 1H NMR (400 MHz, CDCl3) δ (ppm) = 1.01-1.05 (m, 

2H, -CH2-NH-), 2.54-2.57 (m, 2H, -NH-CH2), 3.75 (s, 6H, OCH3 of DMTr), 3.96-3.97 (d, 

1H, 4´-H ), 4.51-4.53 (t, 1H, 3´-H), 6.20-6.23 (t, 1H, 1´-H ), 6.82-6.84 (m, 4H, H-Ar of 

DMTr), 7.24-7.29 (m, 2H, H-Ar of Aq), 7.36-7.38 (m, 9H, H-Ar of DMTr), 7.52-7.67 (m, 

3H, H-Ar of Aq), 8.15-8.19 (m, 1H, H-Ar of Aq), 9.71 (s, 1H, base NH). 
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3.5.7 Synthesis of 5´-O-(4,4´-dimethoxytrityl)-5-[N-[2-[N-(anthraquinon-1-yl)amino]-

ethyl]carbamoyl-methyl]-2´-deoxyuridine-3ˊ-O-yl(2-cyanoethyl)-N,N-diisopropyl-

phosphoramidite (21).   

 

 

O

OH

DMTrO

HN

NO

O H
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O
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To the solution of 20 (0.493 g, 0.589 mmol) in dry CH2Cl2 (20 ml), DIPEA (0.513 ml, 2.9 

mmol) and 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.387 ml, 1.76 mmol) 

were added drop wise under cooling with ice then stirred at room temperature for 45 minutes. 

The reaction end point was determined by TLC using a solvent system of 100 % ethyl 

acetate with 2 % TEA. The excess phosphoramidite reagent was decomposed by the addition 

of MeOH (5 ml).  To the mixture, CH2Cl2 was added and the solution was washed with 

saturated solution of NaHCO3. The organic layer was collected, dried over Na2SO4, and 

evaporated under reduced pressure. The residue was chromatographed on a column of silica 

gel with 100 % ethyl acetate with 2 % TEA. The compound was once again purified by 

treating the output into a cold solution of 20 % diethyl ether in hexane to get a more pure 

compound. The yield of isolated compound 21 was 80% (0.491 g). 1H NMR (400 MHz, 

CDCl3) δ (ppm) = 1.03-1.24 (m, 12H, iPr), 2.30-2.69(m,6H, -CH2-CO, -CH2-CN, CH2-NH-),  

3.75 (s, 6H, OCH3 of DMTr), 4.12-4.13 (d, 1H, 4´-H), 4.61-4.64 (m, 1H, 3´-H),  6.26-6.29 

(t, 1H, 1´-H),  6.69 (m, 4H, H-Ar of DMTr),  6.84 (m, 2H, H-Ar of Aq), 7.28 (m, 9H, H-Ar 
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of DMTr), 7.70-7.73 (m, 3H, H-Ar of Aq) 8.14-8.18 (m, 1H, H-Ar of Aq), 9.69 (s, 1H, base 

NH). 31P NMR (400 MHz, CDCl3) δ (ppm) = 149.32-149.48. 

 

3.5.8 Oligonucleotides Synthesis.  

 

The oligonucleotides containing C-5 modified 2´-deoxyuridine and a dimethylsilylated 

pyrene at the 5´-terminus were synthesized on an automated DNA synthesizer (Applied 

Biosystems ABI-392) using standard protocol. The C-5 polyamine and/or anthraquinone 

bearing modified 2´-deoxyuridine analogs were incorporated into the oligomers in a manner 

similar to that reported previously [39-41]. The phosphoramidite derivative of 

dimethylsilylated pyrene was incorporated at 5´-termini of the oligomers using higher 

concentration of the amidite, as described previously [31]. After the assembly, the support 

bound modified oligoDNA was treated with concentrated ammonium hydroxide at 55 0C 

for 12 hours. Thereafter the oligomer was purified by reversed-phase HPLC, ethanol 

precipitation and Sephadex G-25 gel filtration.  

 

3.5.9 Melting Temperature Analysis.  

 

A solution of either 3 µM oligonucleotide or its complex of 3 µM of each strand in a buffer 

of 10 mM sodium phosphate containing 100 mM NaCl was heated 90 ˚C for 3 minutes, 

cooled gradually to room temperature, and then used for the melting temperature study. UV 

absorbance was measured at 260 nm on a Shimadzu UV-2450 Spectrophotometer equipped 

with a temperature controller. The rate of heating was 0.1 oC/min. Tm values were 

determined from the first differentials of the absorbance versus temperature plot using Igor 

graphing and data analysis program (Wave Matrices, Inc.). 
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3.5.10 Fluorescence Measurements.  

 

Fluorescence measurements were carried out in F-4500 Fluorescence Spectrophotometer 

and Fluoromax-4 Spectrofluorometer in a 3 ml cuvette with excitation at 350 nm and 

detection at 360-500 nm. All measurements were conducted in 10 mM sodium phosphate 

containing 100 mM sodium chloride with a concentration of 1.0 µM each strand.   
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