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ABSTRACT 
 

DETECTION OF DNA METHYLATION OF MULTIPLE 

TUMOR SUPRESSOR P16INK4A GENE BY POLYTHIOPHENE BASED 

OPTICAL SENSOR 
 

DNA methylation is epigenetic events commonly occurs in mammalian genome 

starting from formation of embryo to the end of life. Especially, hypermethylation in 

tumor suppressor genes, corresponds the cancer growth and detection of DNA 

methylation in these genes crucial for the diagnosis of cancer. Water soluble 

polythiophenes are frequently used for the detection of biomolecules through the 

optoelectronic properties.  

In this study, detection of DNA methylation of multiple tumor suppressor 

p16INK4A gene via polythiophene based optical sensor was achieved. Newly designed, 

synthesized and characterized poly(1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-

diazabicyclo [2.2.2] octan-1-ium bromide) was used during characterization of DNA 

sequences and detection of DNA methylation. The target sequence position is +137 to 

+156 in p16INK4A gene which have three potential CG dinucleotide to be methylated. 

Detection of DNA methylation based on sodium bisulfite treatment, complementary 

sequence of unmethylated ssDNA and the conformational change of water soluble 

polythiophene. In our fluorometric analysis, unmethylated sequence/complementary 

successfully hybridized and dsDNA Io/I ratio is under the 1.40 while the methylated 

sequence/complementary hybridization failed due to different base content and remain as 

ssDNA and, Io/I ratio is higher than 1,60.  The novelty of work is detection mechanism is 

PCR and FRET free with a range of 300 ng to 700 ng sample requirement.    

Characterization of homopurines, homopyrimidines, methylated and 

unmethylated sequence with cationic polythiophenes also accomplished. PolyG (10), 

polyG (20) and polyA (10) yielded a no signal in UV-VIS region while the polyA (20) 

yielded a 100 nm red shift. Furthermore, PolyC (10), PolyC (20), PolyT (10), PolyT (20) 

yielded three vibrionic peaks at 505 nm, 545 nm and 595 nm with different intensities 

and unique isosbestic points. All 10 bases long homopyrimidine and homopurine have a 

unique quencher character with cationic polythiophene. Lastly, conformational change of 

polythiophene investigated with computational methods and heptamer used as a model. 
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ÖZET 
 

POLİTİYOFEN TABANLI OPTİK SENSÖR İLE ÇOKLU 

TÜMÖR BASKILAYICI p16INK4A GENİNDEKİ DNA 

METİLASYONU TAYİNİ 
 

DNA metilasyonu, embriyonun oluşmasından başlayarak yaşamın sonuna kadar 

kadar memeli genomunda yaygın olarak görülen epigenetik olaylardır. Özellikle tümör 

basklıyacı genlerde oluşan hipermetilasyonlar kanser büyümesine neden olurlar ve bu 

genlerdeki DNA metilasyon tespiti kanser teşhisi için kritiktir. Suda çözünen tiyofenler 

optoelektronik özelliklerinden dolayı biyomoleküllerin tayininde sıklıkla 

kullanılmaktadır. 

Bu çalışmada, politiyofen tabanlı optic sensor ile çoklu tümör baskılayıcı 

p16INK4A genindeki DNA metilasyonu tayini başarılı bir şekilde yapıldı. Dizayn edilen, 

sentezlenen ve karakterizasyonu yapılan poly(1-(3-((4-metiltiyofen-3-il) oksi) propil)-

1,4-diazabisiklo [2.2.2] oktan-1-yum bromür) DNA sekanslarının karakterizasyonunda 

ve DNA metilasyon tayininde kullanıldı. p16INK4A genindeki üç tane potansiyel 

metillenebilir CG dinükleotidi bulunan hedef sekansın pozisyonu +137 ile +156 

arasındadır. DNA metilasyonun tayininin temeli, sodium bisulfit işlemine, metillenmemiş 

sekansın tamamlayıcı sekansına ve politiyofenin konformasyonal değişimine 

dayanmaktadır. Yapılan florometrik analizler sonucunda, metillenmemiş 

sekans/tamamlayıcı sekans ile başarılı bir şekilde hibridize oldu ve çift sarmal DNA Io/I 

oranı 1.40 değerinin altında bulundu. Metilli sekans/tamamlayıcı sekansın hibridizasyonu 

farklı baz içeriği yüzünden başarısız oldu ve tek sarmal DNA olarak kaldı ve Io/I oranı 

1.60 değerinin üzerinde bulundu. Bu çalışmanın yenilikçi tarafı, PCR ve FRET bağımsız 

tayin metodu olup 300 ng ile 700 ng aralığında örnek miktarın tayin için yeterli olmasıdır. 

Aynı zamanda katyonik tiyofen ile homopürin, homopirimidin, metilli sekans ve 

metilsiz sekansıların karakterizasyonları başarı ile gerçekleştirildi. PolyG (10), polyG 

(20) and polyA (10) için UV-VIS bölgesinde sinyal değişimi gözlemlenmezken polyA 

(20) 100 nm lik bir kırmızı kaymaya neden oldu. Buna ek olarak, PolyC (10), PolyC (20), 

PolyT (10), PolyT (20) için farkı şiddete ve eşsiz isosbestik noktasına sahip olan 505 nm, 

545 nm ve 595 nm de üç sinyal gözlemlendi. Politiyofenin konformasyonal değişimi 

hesaplamalı metodlarla araştırılarak yedimer model olarak seçilmiştir. 
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CHAPTER 1 

INTRODUCTION 

1.1. Conjugated Polythiophenes 

Discovery of polyacetylene lead the new class of π-conjugated conducting 

polymer1. An important step for π-conjugated conducting polymers, is the oxidative 

electropolymerization of polypyrole2. Then different heteroaromatic molecules use as a 

target molecules for the electropolymerization such as thiophene3, furan, indole4, 

carbazole, azulene, pyrene5, benzene6 and fluorene7. To considered five membered 

aromatic heterocycles, thiophene has the most aromatic structure compared to pyrrole and 

furan Polythiophene rapidly became a main promising and model polymer for the 

futuristic works among the numerous conductive polymers (Figure 1). For this reason, 

over the past few decades polythiophene focused for both academicals and industrial 

works. Conjugated polythiophene is candidate for the lots of next generation electronic 

and optical devices due to low cost, ease of processing, thermal stability, tunable 

electronic properties and optical gaps. These unique physical and chemical properties of 

polythiophene is ensure the use in different fields such as field effective transistors 

(FET)8, organic light emitting diodes (OLED)9, photovoltaic devices10, solar cells11 and 

biosensors12. 

 

 

Figure 1. Structure of conductive polymers 

“There are five factors tune the band gap of polythiophene and these are; bond 

length alteration, resonance effect, substitute group, dihedral angle between monomer 

units and intramolecular interaction” (Wang et all. 2014, Figure 2)13. Originally four 
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factors shown in Figure 2, affect the π electron delocalization along the backbone of 

polythiophene except the resonance effect. Resonance effect in polythiophene chain 

labelled as formation of polaron (radical cation) and bipolaron (radical dication) which 

abstraction of one electron from the HOMO level and abstraction of two electron from 

the HOMO level, respectively. Nominately the optoelectronic properties of 

polythiophene originated from the delocalization of π electron along the carbon 

backbone14. Optoelectronic properties of polythiophene proportional to substitute group 

of the ring which substitute group affect the position of the monomer unit in the space. 

The optoelectronic properties of thiophene also tuned through doping. Doping of the 

thiophene proceed three different ways which are chemically, electrochemically and 

presence of the external electric field15-17.  The band gap of the polythiophene can be 

tuned with both substituted group and the dopant level from the 3 eV to 1eV18, 19. 

 

Figure 2. Determination of band gap of polythiophene with 5 factors 

There are many methods available for the substitution of thiophene ring20. These 

substitution methods were applied both α and β position of thiophene ring. Mostly 

thiophene ring substituted at β position and polymer chain elongated at α position. In the 

nature of the thiophene, α position 100 times reactive then the β position of ring. However, 

regularity of polymer chain is crucial for the electrical device materials. Therefore, almost 

all polythiophene materials substituted at β position of ring. Figure 3 shows the α and β 

position of both unsubstituted and substitute thiophene ring. In unsubstituted thiophene α 

position named as 2’ and 5’ while the 2’ and 5’ also named as head (H) and tail (T) to 

considering substituted thiophene (R1= functional group or CH3, R2=H or CH3). β 

position of both unsubstituted and substituted thiophene ring named as 3’ and 4’ position.  
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Figure 3. Unsubstituted and substituted thiophene ring positions 

Thiophene substitution reaction proceed through electrophilic addition, 

nucleophilic addition or radical reaction. Electrophilic addition is historical with the 

nature of the thiophene while nucleophilic addition and radical reaction developed with 

the modern thiophene chemistry. The structure of polythiophene affect the physical 

properties of polymer and it determines the interchain overlap with elimination of 

structural defect. Also, substitute group of thiophene magnitude or reduce the π electron 

delocalization along the backbone and enhance the π-π stacking in two dimensions. 

Countless theoretical studies have been performed to examine the electrical properties of 

thiophene derivatives. In these works, effect of both substitute group and dopant level of 

polythiophene investigated20-22. Generally, short oligomers chosen as model molecule to 

predict the electrical and optical properties of polythiophenes with the computational 

methods. To considered short oligomers, alteration of structure or conformation are not 

expensive and ease of computing. Furthermore, monolayer structure of oligothiophene 

used in theoretical modelling with methods; density functional theory (DFT)23, first-

principle calculations24 and periodic boundary conditions (PBC)25. All type of theoretical 

methods aimed to explore the optoelectronic properties of polythiophene with the 

different structure and conformation while some of studies focused on the relationship 

between theoretical calculation and experimental26.  

1.2. Coupling of Thiophene 

Two main different routes are available for the synthesis of polythiophene that 

electrochemical and chemical synthesis27. In early stage, electrochemical synthesis of 

polythiophene is mostly used in many research. However undesirable polymer and 

oligomer, α-β coupling produce a defective chain. To achieve the α-α coupling of 

substitute and unsubstituted polythiophene several chemical synthetic routes were 

reported. Condensation polymerization with using metal catalyst have been reported by 

Yamamoto28, Lin and Dudek29. Both method have a low final molecular weight of 
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polymer. Then, Suzuki30, Negishi31, Kumada32 and Stille33 metal mediated coupling 

reaction have been reported. Substitution of thiophene with an alkyl group reveals the 

new phenomenon which is regioregularity of polymer. Regioregularity is the idea of the 

all thiophene ring coupled with the same HT content. Rieke coupling yield the 98,5% 

regioregular polymer chain34. McCullough coupling route yield a 100% HT content of 

polythiophene35. Current metal mediated coupling reaction yield a regioregular and 

regioirregular polymerization with lots of disadvantages such as prefunctionalization of 

monomers, extra preparation steps, additional purification and harsh condition to yield an 

active monomer. Different aspect of the polymerization of thiophene reported by 

Sugimoto in 1984 with using FeCl3
36. This oxidative polymerization was not yield a 

regioregular polythiophene. In the contrary the product of polymerization by using FeCl3 

yield a regioirregular polymers. Regioirregular polymer chains contain all probable 

coupling type that head to tail (HT), tail to tail (TT) and head to head (HH) (Figure 4). To 

yield a regioregular polymer slow addition of ferric chloride have been studied and 

accomplished 94% HT content37.  

 

Figure 4. Coupling type of monomer units 

To eliminate the disadvantages of the metal mediated coupling reaction direct 

arylation polymerization (DArP) developed which is cost-effective and efficient method. 

Recently, DArP become a promising alternative synthetic route of polymerization of π-

conjugated polymers38-44. New alternative methods of polymerization of π-conjugated 

systems still studying to achieve the control of regioregularity of the polymer chain. 

Regioregularity is the essential properties of the polythiophene chain while designing the 

electrical devices. Metal mediated coupling reaction developed to yield a regioregular 

polymer chain and yield a desired coupling type different than HT content. The coupling 

type of two monomer units also affect the positions of monomer units in space, π 

delocalization through the carbon backbone. Briefly, coupling type of two monomer units 
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in polymer chain have a great influence in the band gap of the π-conjugated systems. 

Represented regioirregular and regioregular polymer chain shown in Figure 5. 

 
Figure 5. Represented regioregular and regioirregular polymer chain45 

1.3. Optical Properties of Cationic Polythiophenes 

Highly sensitive optical response of polythiophene provide a variety of 

application in many fields46-48. Especially in biological and analytical applications 

conjugated cationic polythiophene focused due to the unique solubility and optical 

properties. Substitution of thiophene with a cationic functional group such as quaternary 

ammonium salts and substituted phosphonium enhance the solubility and processability. 

Introduction of substituent group to the thiophene ring actualized 3’ or both 3’ and 4’ 

positions. Furthermore, addition of substituent group affects the optical properties with a 

distortion of π-conjugation. The optical properties of cationic polythiophenes highly 

dependent on their regioregularity, backbone conformations, and aggregation states in 

solutions or solid states49-51. Mostly, Electronic and chemical structure of π-conjugated 

backbones have a great influence on photophysical properties of polythiophene. The 

similar π-conjugated backbones with a different substituted functional group have a 

similar optical property. A strong absorption of polythiophene in the visible range of the 

spectrum generally dominated by π-π* transition from highest occupied molecular orbital 

(HOMO) to lowest unoccupied molecular orbital (LUMO). Therefore, π electrons in 

conjugated cationic polythiophene are crucial for their band structure. The energy 

differences between HOMO and LUMO defined as band gap shown in equation.   

 

 

 

Polythiophene have a thermochromic, surfactochromic, solvatochromic, 

photochromic and biochromic properties with corresponding fluorescence properties 
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change in the presence of external stimuli52-55. The self-assembly property of charged 

polythiophenes give the outstanding performance to sense ionic or polar biomolecules. 

Not only cationic polythiophene focused in these type of works but also anionic or 

zwitterionic polythiophene synthesized56, 57. The significant optical properties of water 

soluble cationic conjugated polythiophene create a new area such as monitoring 

biological molecules58, cell imaging59 detection and sequencing nucleic acids60. 

Monitoring of DNA hybridization or nucleic acid detection with conjugated 

polythiophene based on the conformational change and the aggregation states of the 

polymers with the help of absorption and emission spectroscopy. There are 2 different 

polythiophene conformation in space that twisted and planar. In twisted conformation, all 

dihedral angle between monomer units distorted and different than 180o or 0o. In the 

contrary, planar conformation of polythiophene all monomer units in the same plane and 

dihedral angle between monomer units equal to 0o or 180o.  

 

Figure 6. Twisted and planar conformation of 3-alkoxy-4-methylthiophene 

The polythiophene chain with a regioirregular synthesis oriented randomly and 

unspecific shape. The cationic functional group of random coiled polythiophene chains 

interact with the negatively charged phosphate group of the DNA sequences. The 

conformation of the cationic polythiophene changes with the electrostatic and 

hydrophobic interaction between polythiophene and DNA sequences. In addition to 

conformational change, π-π aggregation observed in polythiophenes backbone. This 

conformational change and aggregation also proportional to the nature of the DNA 

sequences. DNA sequences as a single stranded (ssDNA) ensure the conformational 

change of the polymers twisted to planar. The conformation of the polythiophene remain 

twisted (same or different dihedral angle than random coiled polymer chain) while 

interacted with the double strand DNA (dsDNA). Conjugated cationic polythiophene 

have great features to monitor the ssDNA and dsDNA. Furthermore, the base content and 
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length of the DNA sequences affect the conformation and aggregation state of polymer. 

Detection of biomolecules with the water soluble polythiophene proportional to the 

conformational change and the formation of aggregation which resulting the colorimetric 

and fluorometric detection50, 51, 61. 

1.4. DNA M ethylation and Detection 

Genetics and epigenetics are study of heritable changes in gene activity or 

functions. In genetics, direct alteration of DNA sequence such as deletion, insertion, 

mutation and translocation change the function or gene activity while the this change of 

function and gene activity reversible and proceed without change in DNA sequence in 

epigenetics62.  Methylation is the most commonly occurring epigenetic event in the 

mammalian genome which methyl group are added to different DNA molecules at 

different positions. DNA methylation is covalent modification that does not change the 

sequence while this modification influenced on gene activity. DNA methylation is crucial 

in the regulation of gene transcription, X-chromosome activity, chromatin compaction, 

genomic imprinting and carcinogenesis63-67. There are 3 main types of methylated base in 

DNA which are C5-methycytosine, N4-methylcytosine and N6-methyladenine. The 

widespread methylation is addition of the methyl group to the 5’ position of the cytosine 

residue. The addition of methyl groups to the 5’ of cytosine catalysed by DNA methyl 

transferases (DNMT) while the methyl group transferred from the S-adenosyl methionine 

(Figure 7). 

 

 

Figure 7. Methylation of cytosine 

There are 3 essential DNMTs in mammalian and these are DNMT1, DNMT3a 

and DNMT3b68-70. DNMT1 has automatic semiconservative mechanism due to maintains 

the existing DNA methylation pattern during DNA replication. DNMT3a and DNMT3b 

categorized as de novo methyl transferases which responsible for addition of methyl 

group to the unmodified DNA. High percentage of DNA methylation occurs on cytosine 
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which neighbouring the guanine nucleotide and called CpG dinucleotide. CpG 

dinucleotide spread out across the genome and 70% of dinucleotides are methylated 

except for the CpG islands (CGIs)71, 72. Clusters of CpG dinucleotides named as CpG 

islands and predominantly unmethylated. Approximately 50% of all the genes in human 

have CGIs and these are present on both housekeeping gene and tightly regulated 

developmental genes. CGIs generally present at near the transcription start site of gene 

and TATA box less promoter region73-75. CGIs enhanced the binding to transcription start 

site due to GC richness of transcriptional factor binding sites. CGIs in promoter region 

usually hypomethylated and hypermethylation of CGIs result in transcriptional silencing. 

In the contrary, hypermethylation of CGIs in non-promoter region silences the parasitic 

genetic elements. Hypomethylation is the decreasing number of methylated base while 

the hypermethylation is the increasing number of methylated base. Figure 8 Shows the 

effect of the methylation of CGIs in promoter and non-promoter region. 

 

Figure 8. Methylation of CpG Islands in promoter and non-promoter region 

Hypomethylation and hypermethylation are observed in almost all cancer types 

cells76-78. Presence of hypomethylation in centromeric repeat sequences responsible for 

genomic instability and activating oncogenes79. Increment of Hypermethylation in gene 

with promoter associated CGIs responsible for repression of tumor suppressors80.  

p16INK4a named as a multiple tumor suppressor gene with a cytogenic location 9p21.3 and 

1200 base pair long. The functions of p16 gene are, bind the protein CDK4 and CDK6, 
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helps regulate the cell and control growing and cell division. Any silencing with 

methylation on p16 corresponds the occurrence of different types tumor depending on the 

location such as lung carcinoma, melanoma brain tumor and lymphoma81, 82. To consider 

the relationship between carcinogenesis and metastasis with DNA methylation, detection 

of DNA methylation is crucial to diagnosis of cancers83. There are three main technique 

available to detect the DNA methylation and these are bisulfite treatment, methylation 

anti-body recognition and methylation-sensitive restriction enzyme digestion84-86. 

Detection of DNA methylation achieved with many different methods relying on these 

three techniques such as radioactive label-based protocols87, next-generation 

sequencing88, 89, matrix-assisted laser desorption ionization mass spectrometry90, 

capillary electrophoresis91, 92 and methylation sensitive high-resolution melting (MS-

HRM) analysis93. Methylation-specific polymerase chain reaction (MSP) analysis with 

bisulfite treatment is widespread method in detection. In recent years, fluorometric and 

colorimetric sensors become popular due to several practical advantages such as 

portability, simplicity, effectiveness and low detection limit. However, all colorimetric 

and fluorometric methods to detect the DNA methylation including polymerase chain 

reaction (PCR) method, fluorescence resonance energy transfer (FRET) or enzyme 

activity87, 94, 95.  

Here in this thesis, cationic conjugated polythiophene synthesized and detection 

of DNA methylation via cationic polythiophene have been aimed with monitoring UV-

VIS and fluorescence spectrophotometer. Detection mechanism of DNA methylation 

should be PCR, enzyme and FRET free. At the same time, different DNA sample 

characterization via cationic polythiophene is aimed to understand the nature of the 

polymer-DNA complexes. 
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CHAPTER 2 

MATERIALS & METHODS 

2.1. Materials 

1-Methyl-2-pyrrolidinone anhydrous, (99.5% Sigma Aldrich) Sodium 

methoxide (95%, powder, Sigma Aldrich), methanol (ACS reagent, ≥99.8%, Sigma 

Aldrich), copper(II) bromide (99%, Sigma Aldrich) and 3-Bromo-4-methylthiophene 

(95%, Sigma Aldrich) were used for synthesis of Synthesis of 3-Methoxy-4-

methylthiophene (precursor 1). 3-Bromo-1-propanol (97%, Sigma Aldrich), sodium 

bisulfate anhydrous (Sigma Aldrich) and Toluene (ACS reagent ≥99.7%, Sigma Aldrich) 

were used for synthesis of 3(3-Bromo) propoxy-4-methylthiophene (precursor 2). Sodium 

bromide (99%, Sigma Aldrich), diethyl ether (99.5% Sigma Aldrich), magnesium sulfate 

(97%, Sigma Aldrich), hexane (95%, Sigma Aldrich) and Silica gel (pore size 60 Å, 60-

100 mesh, Merck) were used for purification of precursor 1 (PC1) and precursor 2 (PC2). 

1,4-diazabicyclo [2.2.2] octane (≥99%, Sigma Aldrich), 1,4-dimethylpiperazine (98%, 

Sigma Aldrich), N-allyl-N-methylprop-2-en-1-amine (99%, Sigma Aldrich) and 

tetrahydrofuran (THF, ACS reagent, ≥99.9%, Sigma Aldrich) were used for synthesis of 

monomers. Iron(III)chloride (Merck) and chloroform anhydrous (≥99%, Sigma Aldrich) 

were used for polymerization reactions. Chloroform-d (99.8%, Merck) and Deuterium 

oxide (D2O, 99.96%, Merck) used for 1H NMR analysis of synthesized precursors, 

monomers and polymers. Tris(hydroxymethyl)aminomethane (ACS reagent, ≥99.8%, 

Sigma Aldrich), EDTA (powder, Sigma Aldrich), Hydrochloric acid (ACS reagent, 

≥37%, Sigma Aldrich), sodium hydroxide (ACS reagent, ≥97.0%, pellets) used for 

preparation of Tris-EDTA (TE) buffer solution (pH: 7.4). All synthetic oligonucleotides 

purchased from Oligomer Biotechnology. Bisulfite Conversion Kit NEB # 3318S 

purchased from Epimark. 
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2.2. Synthesis of Monomers 

Sodium methoxide (25 wt. %)  synthesized from sodium metal in a dry methanol. 

Because, commercial sodium methoxide is not stable for a long time used. 

 

 

Figure 9. Synthesis of 3-Methoxy-4-methylthiophene (PC1) 

Sodium methoxide (0.479 g, 8.85 mmol), methanol (1.8ml) and 1-methyl-2-

pyrolidinone (1.0 mL) mixed in a round bottom flask. 3-bromo-4-methylthiophene (0.5 

mg, 2.82 mmol) and CuBr (0.25 g, 1.74 mmol) were added to mixture. This mixture was 

heated to 100oC – 110oC. Water cooled condenser was equipped and temperature fixed at 

5oC. The round bottomed flask refluxed for 3 days at 100oC – 110oC.  After reaction, 

mixture cooled to room temperature. 0,1 g sodium bromide dissolved in 4ml diluted water 

then solution added and stirred for 1 hour.  The mixture was filtered and extracted with 

10 ml diethyl ether 4-5 times. The organic phase washed with diluted water during 

extraction step, dried over MgSO4. Solvent was removed from media by rotary evaporator 

to yield a light-yellow oil. Column chromatography method used as a purification of a 

light-yellow oil to yield 3-Methoxy-4-methylthiophene (PC1). 

 

 

Figure 10. Synthesis of 3(3-Bromo) propoxy-4-methylthiophene (PC2) 

To a dry round bottom flask, 3-Methoxy-4-methylthiophene (PC1) (100 mg, 

0,78mmol), 3-bromo-1-propanol (150 μl, 1.66 mmol), and NaHSO4 (12.5 mg, 0,1 mmol) 
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and 2 ml toluene were added. The reaction was heated at 100oC with water cooled 

condenser for 24 hours under nitrogen (N2) atmosphere. The reaction mixture cooled the 

room temperature and toluene was removed by rotary evaporator. The remaining mixture 

was extracted with diethyl ether 4-5 times and washed with diluted water. Then dried over 

MgSO4 and diethyl ether was removed by rotary evaporator. Column chromatography 

method used as a purification of the crude product to yield a 3(3-Bromo) propoxy-4-

methylthiophene (PC2) as a colorless oil. PC2 was used for all types of monomers 

synthesis. 

2.2.1. Synthesis of 1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-

diazabicyclo [2.2.2] octan-1-ium bromide (M3) 

 

Figure 11. Synthesis of 1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-diazabicyclo 

[2.2.2] octan-1-ium bromide (M3) 

(3-Bromo) propoxy-4-methylthiophene (70 mg, 0.30 mmol), 1,4-diazabicyclo 

[2.2.2] octane (300 mg, 2,67 mmol) and 2ml THF were mixed in a round bottomed flask.  

The mixture was stirred at 72oC for 48h. After cooled down to room temperature the 

reaction medium poured into falcon and centrifugated at 3000 rpm for 5 minutes. The 

supernatant was removed and washed again with THF, then centrifugated at 3000 rpm 

for 10 minutes. The supernatant was removed again, white color precipitate observed and 

dried under vacuum. 

The same synthesis and purification protocols applied for M1 and M2 with 

different amount of chemicals. Only the M3 synthesis details given. The structure of M1 

and M1 shown in Figure 12. 
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Figure 12. a) N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl) oxy) propyl) prop-2-en-

1-aminium bromide (M1), b) 1,4-dimethyl-1-(3-((4-methylthiophen-3-yl) 

oxy) propyl) piperazin-1-ium bromide (M2) 

2.3. Synthesis of Polymers 

Polymerization reaction carried out for PC1, M1, M2 and M3. Only synthesis 

protocol of PT3 details given. Same protocol applied for the PC1, M1 and M2 with 

different starting concentration. Figure 13 shows the structure of synthesized polymers. 

 

Figure 13. Synthesized Polymers a) Poly(3-Methoxy-4-methylthiophene) (PT0), b) 

Poly(N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl) oxy) propyl) prop-2-

en-1-aminium bromide) (PT1), c) Poly(1,4-dimethyl-1-(3-((4-

methylthiophen-3-yl) oxy) propyl) piperazin-1-ium bromide) (PT2), d) 

Poly(1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-diazabicyclo [2.2.2] 

octan-1-ium bromide) (PT3) 

2.3.1. Synthesis of Poly(1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-

diazabicyclo [2.2.2] octan-1-ium bromide) (PT3) 

Approximately 1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-diazabicyclo 

[2.2.2] octan-1-ium bromide (M3) (20 mg, 0.07 mmol) was dissolved in 1 ml CH3Cl and 

Fe3Cl (40 mg, 0.25 mmol) dissolved in 1,5 ml CH3Cl. M1 solution added dropwise to 
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Fe3Cl solution. Reaction stirred at room temperature for 24h under nitrogen (N2) 

atmosphere. Reaction washed with the CH3Cl and centrifugated at 4000 rpm for 5 

minutes. Brownish particle observed and dried under vacuum. 

2.4. Preparation of Tris-EDTA(TE) Buffer 

TE buffer components are; tris(hydroxymethyl) aminomethane, common pH 

buffer and chelating agent ethylenediaminetetraacetic acid(EDTA). In molecular biology, 

RNA and DNA based procedures required TE buffer which solubilize the DNA or RNA 

while protecting it from degradation. RNA usually requires pH 8.0 and DNA requires pH 

7.5, also 8.0 can safely use for solubilizing the DNA. 6,06g tris(hydroxymethyl) 

aminomethane dissolved in a 50ml mq water to yield a 1M tris stock solution. Solution 

Cooled to room temperature (because pH of tris-solution is temperature dependent) and 

pH adjusted as 7.4 by adding concentrated HCl to the solution. To prepare a EDTA stock 

solution 3,72 g EDTA dissolved in a 20 ml mq water and pH adjusted as 8,0 by adding 

NaOH pellet (EDTA is not soluble until pH reach 8.0). 5 ml tris solution and 1 ml EDTA 

solution mixed briefly and diluted adding 494 ml mq water. Final concentration of tris 

and EDTA, 10mM and 1mM respectively. TE buffer is sterilized by autoclaving to use 

further preparation of DNA. 

2.5. Preparation of DNA samples 

All purchased DNAs synthesis scales are 50nmol. Prepared and sterilized TE 

buffer used for solubilizing to DNA and used materials were sterilized by autoclaving 

such as pipette, tips and ependorf. Table 1 below show the sequence of strands, molecular 

weight of DNA, amount of DNA and required TE buffer for the prepare to 100μM DNA 

solutions. 

2.6. Sodium Bisulfite Conversion (SBC) 

SBC is used for defining to the target sequence’s cytosine is methylated or 

unmethylated. When reaction over unmethylated cytosine turned to uracil while 

methylated cytosine remains intact. In this work The EpiMark Bisulfite Conversion Kit 

NEB # 3318S is used.  
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Table 1. Properties of DNA sequences 

Tittle of  

Sequences 

Sequences of DNA M.W.of  

DNA (g/mol) 

Amount of 

DNA (nmol) 

TE buffer for 

100μM DNA 

PolyC (10) 5’CCC CCC CCC C’3 2830 59 588 

PolyG (10) 5’GGG GGG GGG G’3 3230 5 51 

PolyA (10) 5’AAA AAA AAA A’3 3070 72 720 

PolyT (10) 5’TTT TTT TTT T’3 2980 103 1030 

PolyC (20) 5’CCC CCC CCC CCC CCC 

CCC CC’3 

5722 63 626 

PolyG (20) 5’GGG GGG GGG GGG 

GGG GGG GG’3 

6522 3 27 

PolyA (20) 5’AAA AAA AAA AAA 

AAA AAA AA’3 

6202 77 772 

PolyT (20) 5’TTT TTT TTT TTT TTT 

TTT TT’3 

6022 92 919 

Unmethylated 

Sequence 

5'CAG AGG GTG GGG CGG 

ACC GC'3 

6249 73 733 

Methylated 

Sequence 

5'CAG AGG GTG GGG 

CmeGG ACCme GCme'3 

6290 33.8 338 

Complementar

y-2 

3’ATC TCC CAC CCC ACC 

TAA CA'5 

5911 82 817 

Complementar

y-1 

3'GTC TCC CAC CCC GCC 

TGG CG'5 

5991 61 614 

 

 Sodium metabisulfite 

 Solubilization buffer 

 Desulphonation reaction buffer 

 EpiMark spin column  

 Binding buffer 

 Wash buffer 

 Elution buffer 

2.6.1. Reagent Preparation 

40 ml of ethanol (99%) is added into a concentrate wash buffer and mixed 

briefly. Prepared wash buffer stored at room temperature for further reactions. 27 ml 
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ethanol is added to concentrate desulphonation reaction buffer and mixed briefly. 

Desulphonation reaction buffer stored at +4 oC for further reactions. Bisulfite mix 

prepared by adding 650μl of nuclease free water and 250 μl solubilization buffer to solid 

sodium metabisulfite. Bisulfite mix vortexed until sodium metabisulfite completely 

dissolved. Bisulfite mix stored at -20 oC for further reactions.  

2.6.2. Bisulfite Conversion Reaction 

Target DNA (50 ng- 2 μg, 10 μl) and 130 μl bisulfite mix, poured into ependorf. 

Reaction ependorf transferred to a thermocycler and began cycling. Denaturation and 

incubation steps applied as shown in Table 2. 

Table 2. Incubation Times 

Cycle Step Temperature  Time 

Denaturation 95oC 5 minutes 

Incubation 65 oC 30 minutes 

Denaturation 95 oC 5 minutes 

Incubation 65 oC 60 minutes 

Denaturation 95 oC 5 minutes 

Incubation 65 oC 90 minutes 

Hold 20 oC 12 hours 

 

2.6.3. Desulphonation Reaction and Sample Clean Up 

After bisulfite conversion reaction ended, reaction medium transferred into a 

microcentrifuge tubes. 550 μl of DNA binding buffer added into a microcentrifuge tubes 

and mixed gently with pipetting. Sample is loaded onto a Epimark spin column. Column 

was centrifuged at 15000 rpm for 1 minute and flow through was discarded. Then 500 μl 

wash buffer added, column was centrifuged at 15000 rpm for 1 minute and flow through 

was discarded. 500 μl desulphonation reaction buffer was added to each column and 

incubated at room temperature for 15 minutes. Then column was centrifuged at 15000 

rpm for 1 minute and flow through was discarded. 500 μl wash buffer added, column was 

centrifuged at 15000 rpm for 1 minute and flow through was discarded. Wash step was 
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repeated one more time. Column was centrifuged at 15000 rpm for 1 minute to remove 

any residual wash buffer from the spin column. Spin column was placed into sterile 1.5 

ml microcentrifuge tubes. 20 μl elution buffer was added and incubated for 1 minute. 

Column was centrifuged at 15000 rpm for 1 minute. Additional 20 μl elution buffer was 

added and column was centrifuged at 15000 rpm for 30 seconds. Conversion was 

completed. 

2.7. Characterization Tests 

Characterization tests was performed for the synthesized monomers, polymers, 

artificial DNA and treated DNA. 

2.7.1. Nuclear Magnetic Resonance (NMR) Analysis 

1H NMR spectrum were recorded in the solution of CDCl3 on Varian 400 

spectrometers for precursor 1 and precursor 2. 1H NMR spectrum were recorded in the 

solution of D2O for M1, M2, M3, PT1, PT2 and PT3. 

2.7.2. Mass spectrometry Analysis 

Mass spectrometry analysis performed to determine the M1, M2 and M3 

molecular weight after synthesized.  

2.7.3. UV-VIS Spectrophotometer Analysis 

Spectral analysis was performed using a Shimadzu UV-2550 UV-VIS 

spectrophotometer. Hellma quartz were used for all spectral analysis which have light 

path 1 mm with width 1 cm and made of quartz SUPRASIL®. Scan range was 200 nm to 

800 nm. For the analysis, stock solutions of PT1 and PT2 were prepared as 1.88 mM 

polymer concentration in water. Stock solutions diluted with TE buffer 1:1 before each 

analysis performed. Titration starting volume was 200 μl polymer-TE buffer mix. 

Titration performed with the addition of single stranded DNA (ssDNA) (1μl, 100 μM) 

systematically into a quartz which have 200 μl polymer-TE buffer mix. This titration 

protocols were performed for the characterization of PolyC (10), PolyG (10), PolyA (10), 

PolyTh (10). PolyC (20), PolyG (20), PolyA (20) and PolyTh (20) ssDNA titration with 

PT1 and PT2. Melting temperature of ssDNA were used as an incubation temperature 
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while the dsDNA complex was prepared by homopurine and homopyrimidine. PolyA 

(10) (20 μl, 100 μM) and PolyTh (10) 20 μl, 100 μM) were poured into microcentrifuge 

tubes, mixed briefly with pipetting and incubated for 15 minutes.  PolyA (20) (20 μl, 100 

μM) and PolyTh (20) (20 μl, 100 μM) were poured into microcentrifuge tubes, mixed 

briefly with pipetting and incubated for 15 minutes. Then, dsDNA samples cooled the 

room temperature. Titration starting volume was 200 μl polymer-TE buffer mix. Titration 

performed with the addition of dsDNA (1μl, 100 μM) systematically into a quartz which 

have 200 μl polymer-TE buffer mix. Titration protocol carried out for the characterization 

of dsAT (10) and dsAT (20) with PT1 and PT2.  

Optic characterization of unmethylated sequence, methylated sequence, 

complementary-1 and complementary-2 performed with PT3. Stock solution of PT3 was 

prepared as 1.88 mM polymer concentration in water. Stock solution diluted with TE 

buffer 1:1 before analysis performed. Titration starting volume was 200 μl polymer-TE 

buffer mix. Titrations performed with the addition of DNA samples into a quartz with 

different concentrations. 100 μM of ssDNA concentration were used to understand the 

behavior of the sequences. Titration protocol followed as 1 μl, 100 μM of ssDNA added 

into quartz and spectra recorded in every addition. 3 μM to 10 μM concentration range 

were used after SBC conversion to understand the treated ssDNA and dsDNA behavior. 

Titration protocol followed as 1 μl of 100 μM ssDNA and dsDNA added into quartz and 

spectra recorded in every addition. Concentration differences of DNA samples for 

titrations resulted from the limitation of the SBC kit.  

2.7.4. Fluorescence Spectrophotometer Analysis 

Fluorescence analysis were performed with using Varian Cary Eclipse 

Fluorescence spectrophotometer. Fluorescence spectrum obtained for PT1, PT2, PT3, 

PT1-DNA titrations and PT3-DNA titrations with excitation wavelength 395nm. The 

corresponding wavelength of maximum emission for PT1, PT2 and PT3 at 533 nm, 532 

nm and 535 nm respectively. Polymer concentration is 1,88 mM for the characterization 

of polymer-ssDNA and polymer-dsDNA. Homopurine and homopyrimidine 

characterized with 100 μM ssDNA added into polymer-TE medium. Detection of DNA 

methylation experiments carried out with the different DNA concentrations and for every 

DNA sample concentration determined by nanodrop. Hybridization of dsDNA is the most 

essential step for the detection of DNA methylation experiments. The most efficient 
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hybridization protocol is the 5 minutes incubation at 95oC and 10 minutes incubation with 

DNA sequence’s melting temperature. In addition, cooling the DNA samples to the room 

temperature should be very slow. For the all fluorescence analysis starting volume is 200 

μl polymer-TE solution. 

2.7.5. Nanodrop Analysis 

Nanodrop analysis applied to determine the ssDNA concentration before and after SBC. 

2μl sample is required for the concentration analysis for each sample. 

2.8. Computational Methods 

Computational methods described as a model chemistry with a unique, unbiased 

and applicable model for predicting the properties of chemical systems. Combination of 

theoretical method with a basis set is fundamental of a computational chemistry. Different 

combinations represent the different approximation to the Schrödinger equation. 

2.8.1. Semi-empirical Methods 

Semi-empirical methods have been developed to investigate the simple organic 

molecules. However, semi-empirical methods used in large system optimization due to 

relatively inexpensive and practical method. There are variety of semi-empirical 

methods such as AM1, PM3, PM6, PDDG SAM1, INDO and MNDO etc. Molecular 

geometry and energy approximation of semi-empirical methods good for systems 

especially in organic compounds. There are few limitations of semi-empirical methods 

such as poor van der Walls and dispersion intermolecular forces. In the contrary some 

methods approximation good for the organic system and useful for the further larger 

systems96. 

2.8.2. Density Functional Theory (DFT) Methods 

DFT methods compute the treatment of correlated motions of electron via 

general functionals of the electron density. The popularity of method increases with the 

years due to much less expensive than traditional correlated wavefunction methods. DFT 

functionals divided the electronic energy to the 4 components which are electron-nuclear 

interaction, the kinetic energy, the Coulomb repulsion and exchange correlation. 4 
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components of electronic energy computed separately in DFT methods. Furthermore, 

there are several hybrid methods developed that combine functionals of Hartree-Fock and 

other methods. Some hybrid methods superior to the traditional methods such as Becke’s 

style hybrid functionals and available in Gaussian via B3LYP and B3PW91.  

2.8.3. Excited State Calculations 

Excited state calculations generally carry out to determine the molecular 

properties and the corresponding energies. Spectroscopic analysis can perform via excited 

state calculations. Time dependent density functional theory (TD-DFT) widely used 

instead of other methods due to quality of result and different response properties of large 

molecules are possible.  
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CHAPTER 3 

RESULTS & DISCUSSION 

3.1. Synthesis and characterization of Monomers 

The first step of the synthesis of monomers start with the PC1. After purification 

steps, the yield is 63%. 1H NMR analysis performed and Figure 15 shows the NMR 

spectrum of PC1 as a 1H NMR (400 MHz, CDCl3) δ (ppm): 6.82 (1H, d, J= 3.3 Hz), 6.16 

(1H, d, J= 3.3 Hz), 3.82 (3H, s), 2.10 (3H, s).  

 

Figure 14. Synthesized precursors and monomers 

 

Figure 15. 1H NMR spectrum of PC1 
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PC2 was a starting material in every monomer synthesis. After purification steps, 

the yield is 78%. Figure 16 shows the 1H NMR spectrum of the PC2 as a 1H NMR (400 

MHz, CDCl3) δ (ppm): 6.84 (1H, d, J= 2.8 Hz), 6.19 (1H, d, J= 3.0 Hz), 4.09 (2H, t, J= 

5,9 Hz, 6,2 Hz), 3.61 (2H, t, J= 6.3 Hz, 6,6 Hz), 2.34 (2H, p, J= 5.2 Hz, 5.2 Hz, 6.4 Hz, 

5.6 Hz), 2.09 (3H, s). 

 

Figure 16. 1H NMR spectrum of PC2 

1H NMR analysis and mass analysis were performed for the M3 molecule. The 

calculated yield is 83% and  Figure 17 shows the 1H NMR (400 MHz, D2O) δ (ppm): 6.88 

(1H, m), 6.35 (1H, d, J= 3.3 Hz), 4.02 (2H, t, J= 5.7 Hz, 5.7 Hz), 3.35 (2H, t, J= 3.5 Hz, 

3.7 Hz), 3.30 (6H, t, J= 7.4 Hz, 8.0 Hz), 3.06 (6H, t, J= 7.5 Hz, 7.6 Hz), 2.17 (2H, p, J= 

6.0 Hz, 8.5 Hz, 8.5 Hz, 6.0 Hz), 1.94 (3H, s). Figure 18 shows the mass result of M3. 

Both 1H NMR analysis and mass analysis were also performed for the M1 and M2, but 

synthesis route of these monomer not involved in scope of thesis. 

3.2. Synthesis and characterization of Polymers 

Characterization of polymers were carried out with using 1H NMR analysis, UV-

VIS measurement and fluorescence measurement. After purification, polymers dissolved 

in D2O and 1H NMR analysis performed for PT1, PT2 and PT3. General behaviour of 

polymer in NMR that aromatic hydrogen peaks disappeared and band broadening of 

corresponding peaks in NMR spectrum. 
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Figure 17. 1H NMR spectrum of M3 

 

 

 

 

Figure 18. Mass result of M3 
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Figure 19. Synthesized polymers 

 

Disappearances of aromatic hydrogen peaks resulted from the bonding of 

monomer units with each other then, 2’ or 5’ positioned H-C bonds break regarding octet 

rule. Band broadening resulted from the increasement of repeated monomer unit. Figure 

20 shows the 1H NMR stack of PT3 and M3. Red spectrum represents the M3 and teal 

blue spectrum represent the PT3. Both band broadening and disappearances of aromatic 

hydrogen peaks observed. Also, all responsible signals merely shifted to high field.  

 

Figure 20. 1H NMR stack of PT3 and M3 

Figure 21 shows the NMR stack of PT1, PT2 and PT3. NMR stack indicates the 

band broadening, disappearances of aromatic hydrogen peaks and shifting of all 
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responsible signals to high field. Maroon spectrum represents the PT1, blue spectrum 

represents the PT2 and red spectrum represents the PT3. 

 

 

Figure 21. 1H NMR stack of polymers 

 

Figure 22 shows the UV-VIS measurement of polymers dissolved in water. 

Monocationic conjugated polythiophenes (PT1, PT2 and PT3) absorbance maximum 

close to each other with similar intensities. Absorbance maximum of PT1, PT2 and PT3; 

401 nm, 387 nm and 397 nm respectively. 
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Figure 22. UV-VIS spectrum of PT1, PT2 and PT3 
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Figure 23. Fluorescence spectrum of PT1, PT2 and PT3 
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The corresponding wavelength of maximum emission for PT1, PT2 and PT3 at 

533 nm, 532 nm and 535 nm respectively (Figure 23). All monocationic polymer-DNA 

interactions monitoring with fluorescence spectrophotometer. 

3.3. Characterization of Homopurine and Homopyrimidine with 
Monocationic Conjugated Polythiophenes 

Characterization of DNA samples carried out with using UV-VIS 

spectrophotometer. There are several interactions, during occurrence of polymer-DNA 

complex and these are; π-π, π-cation, H-bonding and electrostatic interactions. Ionic 

interaction is the most powerful interaction by considering polymer-DNA interactions. 

Conjugated polythiophenes dissolved in water that provide fast formation of polymer-

DNA complex. Formation of polymer-DNA complexes are different for the different 

homopurine and homopyrimidine DNA samples. Also, formation polymer-DNA 

complexes are different with using different polymer. Differences of formation of 

complex effect the optical properties and with using this property both homopurine and 

homopyrimidine classified. Figure 24 shows the comparison of different polymer 

substituent group for the polymer-DNA interactions while Figure 24a show the PT1-

PolyC (10) and Figure 24b shows the PT2-PolyC (10) titration curve for complexes. In 

both titration curve absorbance maximum of polymer nearly at 395 nm. The 395 nm peak 

decreases with addition of polyC (10) and new peaks at 505 nm 545 nm and 595 nm were 

observed. These new peaks correspond to formation of polymer-DNA complex. The 

maximum absorbance ratio of 395 nm/595 nm of PT1-PolyC (10) complex is 1,25 while 

PT2-PolyC (10) complex 395 nm/595 nm maximum absorbance ratio is 1,4. Final ssDNA 

concentration is 13,04 μM in 230 μl final volume for each case. 

PT1-PolyG (10) and PT2-PolyG (10) interaction also examined to compare the 

effect of the polymer substituent group to a Polymer-DNA interaction. Figure 25a shows 

the PT1-PolyG (10) UV-VIS titration curve while Figure 25b shows the PT2-PolyG (10) 

UV-VIS titration curve. Only, a peak at 395 nm slightly decreased and there is no newly 

peaks occurred. Polymer-DNA interaction is not observed owing to formation of the 

guanine quartet or tertiary structure. There is no polymer conformation change on PT1 or 

PT2 titrated with PolyG (10). Final ssDNA concentration is 13,04 μM while the total 

volume is 230 μl. Also, further amount of ssDNA added into titration medium of PT2-



28 
 

PolyG (10) and there are no new peaks observed with 23,07 μM final concentration of 

PolyG (10). 
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Figure 24. a) UV-VIS spectrum of PT3-PolyC (10) titration, b) UV-VIS spectrum of 

PT2-PolyC (10) titration 

Figure 26a shows the UV-VIS titration curve of the PT1-PolyTh (10) complex. 

A peak at 395 nm slightly decreased for all 2 μl addition of ssDNA. There is no new peak 

observed until concentration of PolyTh (10) is 9,09 μM. Then, peaks at 545 nm and 595 

nm gradually increased with the addition of continually ssDNA. The maximum 

absorbance ratio of 395 nm/595 nm of PT1-PolyTh (10) is 4,01. To observe the effect of 

concentration of PT1-PolyTh (10) complex, extra 10μl ssDNA added into medium. A 

peak at 505 nm emerge with addition of extra ssDNA. Figure 26b shows the UV-VIS 

titration curve of the PT1-PolyA (10) complex. In every ssDNA addition, a peak at 395 

nm gradually decreased. The reason of decrease is dilution. PT1-PolyA (10) complex did 

not formed because of PolyA strong intramolecular secondary interactions. Conformation 
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of PT1 did not change twisted to planar during titration with PolyA (10) and no new peaks 

observed in PT1-PolyA (10) titration curve. Final concentration of polyTh (10) is 16,67 

μM for PT1-PolyTh (10) titration and 13,04 μM of polyA (10) for PT1-PolyA (10) 

titration. 
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Figure 25. a) UV-VIS spectrum of PT1-PolyG (10) titration, b) UV-VIS spectrum of 

PT2-PolyG (10) titration 

Table 3 shows the maximum absorbance ratio of 395 nm/595 nm of PT1-DNA 

complex titration curves. The 395 nm/595 nm ratio is low with PT1-homopyrimidine 

complexes. 1,25 and 4.01 for PT1-PolyC (10) complex and PT1-PolyTh (10) complex 

respectively. On the other hand, PT1-homopurines did not form complex and no spectral 

change observed during titrations. The 10mer long homopurine and homopyrimidine 

have a different spectrum in case of titration with PT1(Figure 27). Homopyrimidine yield 

a reddish colour, while homopurine yield a yellowish colour which is also PT1 colour 

(Figure 28). 
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Figure 26. a) UV-VIS spectrum of PT1-PolyTh (10) titration, b) UV-VIS spectrum of 

PT1-PolyA (10) titration 

 

Table 3. 395 nm/595 nm ratio of PT1-DNA complex in UV-VIS titration curves 

Sequences PolyC (10) PolyTh (10) PolyA (10) PolyG (10) 

Ratio 1,25 4,01 nan nan 

Sequences PolyC (20) PolyTh (20) PolyA (20) PolyG (20) 

Ratio 0,84 1,44 9,00 28,60 
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Figure 27. Intensity differences in absorbance maximum at 505 nm versus concentration 

of medium (10 bases long oligonucleotides) 

Figure 29a shows the UV-VIS titration curve of the PT1-PolyC (20) complex. 

The spectrum resembles to PT1-PolyC (10) complex with different intensities of peaks at 

395 nm, 505 nm, 545 nm and 595 nm. There are both macroscopic and spectral 

aggregation observed after concentration of ssDNA is 10,71 μM. PT1-PolyTh (20) 

complex UV-VIS titration curve shown in Figure 29b. General behaviour of 20 bases 

homopyrimidine is similar to 10 bases homopyrimidine. Red shift observed in both 10 

and 20 bases homopyrimidine added into PT1 medium but maximum absorbance and 

maximum absorbance ratio of PT1-DNA complex is different. Also, PT1-PolyC (20) 

have sharp isosbestic point before aggregation nearly at 465 nm and after aggregation 

observed, isosbestic point shifted to a 455 nm. On the contrary PT1-PolyTh (20) have 

four different isosbestic point during titration and corresponding isosbestic point refers to 

different PT1-ssDNA complex formed during titration. 

UV-VIS titration curve of the PT1-PolyA (20) shown in Figure 30a. A peak at 

395 nm gradually decreased with addition of 100 μM of ssDNA. No new peaks and no 

isosbestic point observed until concentration of PolyA (20) is 9,09 μM. Then, intensity 

of peak at 505 nm slightly increased and isosbestic point form nearly at 435 nm to the end 

of titration. Formation of isosbestic point shows the new polymer-ssDNA complex occur 
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in titration medium. The number of interaction between polymer-ssDNA increased with 

the ssDNA chain length increased. However, polymer conformation not fully change 

twisted to planar during this interaction. PolyA (20) have a strong intramolecular 

interaction that stabilize the polymer as a twisted conformation with different dihedral 

angle compared to initial dihedral angle. At the same time polymer-ssDNA interaction 

formed and effect the UV-VIS region. UV-VIS titration curve of PT1-PolyG (20) shown 

in Figure 30b and no spectral change observed during titration. 

 

 

 

 

Figure 28. Image of PT1-ssDNA complex with different background 
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Figure 29. a) UV-VIS spectrum of PT1-PolyC (20) titration, b) UV-VIS spectrum of 

PT1-PolyTh (20) titration  

20 bases long homopurine and homopyrimidine characterized with PT1. All 

types of homonucleotides have a different corresponding titration curves (Figure 31). In 

this work both 10 and 20 bases long homopurine and homopyrimidine have different 

behaviour while make the complex with PT1 shown in Figure 32. 

In polymer-dsDNA interactions polymer conformation not change twisted to 

planar. Polymer surround the dsDNA complex and polymer-dsDNA make the triplex 

complex. On the contrary polymer-ssDNA make the duplex complex and random coiled 

polymer change conformation and became planar. Also, aggregation observed with 

Polymer-homopyrimidine. Graphical representation of polymer-ssDNA duplex complex 

and polymer-dsDNA triplex complex shown in Figure 33. 
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Figure 30. a) UV-VIS spectrum of PT1-PolyA (20) titration, b) UV-VIS spectrum of 

PT1-PolyG (20) titration 
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Figure 31. Intensity differences in absorbance maximum at 505 nm versus concentration 

of medium (20 bases long oligonucleotides) 
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Figure 32. Intensity differences in absorbance maximum at 505 nm versus concentration 

of medium a) homopyrimidines, b) homopurines  
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Figure 33. Polymer-ssDNA duplex complex and polymer-dsDNA triplex complex 

Figure 34 shows the PT1-dsAT (10) UV-VIS titration curve. A peak at 395 nm 

slightly decrease with every addition of dsDNA. At the same time a peak at 505 nm 

gradually increased. The reason of 505 nm peaks increment is remaining ssDNA in the 

medium yield a duplex complex or polymer dihedral angle change during interacted with 

dsDNA. Isosbestic point of spectrum is 465 nm. The spectrum of PT1-PolyA (20) is 

resemble to PT1-dsAT (10) spectrum. The intensity ratio of PT1-PolyA (20)/ PT1-dsAT 

(10) peak at 505 nm is 1,51 and 30 nm differences observed while comparing isosbestic 

points of titration curves. This shows the PT1-dsAT (10) triplex complex successfully 

formed and have different environment compared to PT1-PolyA (20) duplex complex. In 

addition to this PT1-PolyA (10) duplex complex not formed and no spectral change 

observed and PT1-PolyTh (10) yield new peaks at 505 nm, 545 nm and 595 nm with four 

different isosbestic point. PT1-dsAT (20) titration curve shown in Figure 35 and a peak 

at 395 nm slightly decreased with addition of dsAT (20) while a peak at 505 nm gradually 

increased. The isosbestic point of titration curve is 449 nm and the intensity ratio of PT1-

dsAT (20)/ PT1-PolyA (20) is 1,40 with a 14 nm shift of isosbestic point. PT1-dsAT (20)/ 

PT1-dsAT (10) is 2,11 with a 16 nm shift of isosbestic point. Furthermore, absence of 

peaks at 545 nm and 595 nm shows the triplex complex of polymer-dsDNA formed 

successfully. Three titration curves which PT1-PolyA (20), PT1-dsAT (10) and PT1-

dsAT (20) resulted the different species formed during polymer-DNA interactions due to 

the occurrence of different isosbestic point and different absorbance maximum intensity.  
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Figure 34. UV-VIS spectrum of PT1-dsAT (10) titration 
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Figure 35.  UV-VIS spectrum of PT1-dsAT (20) titration 

To understand the fluorescence behaviour of the oligonucleotides of homopurine 

and homopyrimidine, titration experiments were performed for 10 bases long 

homonucleotides and monitored with fluorescence spectrophotometer. PT1-PolyC (10) 

titration curve shown in Figure 36a. Emission of PT1 observed at 533 nm. Quenching 

observed with addition of polyC (10) and emission maximum shifted to 548 nm. The 

maximum emission ratio of PT1/PT1-PolyC (10) is 3,2 with a 0 and 13,04 μM 

concentration of polyC (10) in medium. Figure 36b shows the titration curve of the PT1-

PolyTh (10). Quenching observed with addition of polyTh (10) and emission maximum 

shifted from 533 nm to 554 nm. The maximum emission ratio of PT1/PT1-PolyTh (10) 

is 2,17 with a 0 and 13,04 μM concentration of polyTh (10) in medium. 

 



39 
 

450 525 600 675
0

100

200

300

450 525 600 675
0

100

200

300

In
te

ns
ity

(a
.u

.)

Wavelength (nm)

 PT1
PolyC (10) conc.

 2,91 μM
 5,66 μM
 8,25 μM
 10,71 μM
 13,04 μM

a) b)

In
te

ns
ity

(a
.u

.)

Wavelength (nm)

 PT1
PolyTh (10) conc.

 2,91 μM
 5,66 μM
 8,25 μM
 10,71 μM
 13,04 μM

 

 

Figure 36. a) Fluorescence spectra of PT1-PolyC (10) titration b) Fluorescence spectra 

of PT1-PolyTh (10) titration 

Titration curve of PT1-PolyA (10) shown in Figure 37a. Quenching observed 

with addition of polyA (10) and emission maximum shifted from 533 nm to 538 nm. The 

maximum emission ratio of PT1/PT1-PolyA (10) is 1,42 with a 0 and 13,04 μM 

concentration of polyA (10) in medium. Figure 37b shows the titration curve of the PT1-

PolyG (10). The emission maximum decreased and shifted from 535 nm to 538 nm with 

addition of polyG (10). The emission ratio of PT1/PT1-PolyG (10) is 1,29 with a 0 and 

13,04 μM concentration of polyG (10) in medium. 

3.4. Characterization of Methylated and Unmethylated DNA 

PT3 based spectrophotometer analysis were applied for the characterization of 

methylated and unmethylated DNA. PT3-ssDNA titration were performed and monitored 

with the UV-VIS spectrophotometer and target ssDNA were; PolyC (10), Methylated 
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sequence, Unmethylated sequence and Complementary-2. Working sequences 

methylated and unmethylated are the 20 bases long pair ssDNA at position +137 to +156 

from gene p16INK4A which 1200 base pair long at cytogenetic position 9p21.3. 

Complementary-2 is the complementary sequences of after unmethylated sequences 

cytosine turn to uracil. Also, PolyC (10) focused in this characterization step owing to 

providing the ten unmethylated cytosine. 
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Figure 37. a) Fluorescence spectra of PT1-PolyA (10) titration b) Fluorescence spectra 

of PT1-PolyG (10) titration 

PT3-ssDNA complexes and interaction focused to understand the behaviour of 

newly formed polymer-ssDNA complex to compare the before and after SBC. Figure 38 

shows the titration curve of the PT3-Unmethylated sequence. A peak at 395 nm gradually 

decrease with the addition of the ssDNA and intensity of peak at 505 nm increase with 

the addition of ssDNA.  Added amount of unmethylated sequence into medium has fast 

effect on polymer behaviour. Figure 38a shows the titration curve which corresponds the 
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multiple isosbestic point and formation of aggregates with respect to the further addition 

of ssDNA. On the contrary one isosbestic point observed at 433 nm with addition of 5,52 

μg unmethylated sequence. This graph shows the further titration experiments should be 

performed with the final amount of unmethylated sequence is 5,52 μg which has 

dominantly one type of polymer-ssDNA complex. 

330 440 550 660
0,00

0,04

0,08

0,12

330 440 550 660
0,00

0,04

0,08

0,12

 

A
bs

or
ba

nc
e(

a.
  u.

)

Wavelength (nm)

 PT3
 0.69 μg
 1.38 μg
 2.07 μg
 2.76 μg
 3.45 μg
 4.14 μg
 4.83 μg
 5.52 μg
 6.21 μg
 6.90 μg
 7,59 μg
 8,28 μg
 8,97 μg
 9,66 μg
 10,35 μg

a) b)

 

A
bs

or
ba

nc
e(

a.
u)

Wavelength (nm)

 PT3
 1.03 μg
 2.06 μg
 3.09 μg
 4.12 μg
 5.15 μg
 6.18 μg
 7.21 μg
 8.24 μg
 9.27 μg
 10.3 μg

 

 

Figure 38. a) UV-VIS spectra of PT3-Unmethylated sequence titration b) UV-VIS 

spectra of PT3-Methylated sequence titration 

Same titration process was performed with using PT3 and methylated sequence 

shown in Figure 38b. A peak at 395 nm decreased while a peak at 505 nm increased with 

addition of methylated sequence. Both aggregation and multiple isosbestic point observed 

during titration. However, one isosbestic point occurred at 430 nm until addition 8,24 μg 

methylated sequence. It shows the final amount of methylated sequence should be 7,21 

μg for the further titration experiments.  

These two titration curves; PT3-Unmethylated sequence and PT3-Methylated 

sequence have a similar behaviour. The observed isosbestic point nearly at the same 

wavelength which are at 433 nm and at 430 nm for the PT3-Unmethylated sequence and 
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PT3-Methylated sequence respectively. Corresponding absorbance maximum at 505 nm 

is the same for both titration curves which is 0,075 (a.u.). This similarity is significant 

while unmethylated sequence and methylated sequence have an identical sequence as 

bases. The only difference of these sequences is the methylated cytosine bases at positions 

13, 18 and 20 (Table 1). Also, some spectral differences observed in UV-VIS titration 

curves. Absorbance maximum at 505 nm is 0,075 (a.u.) with addition of 5,52 μg 

unmethylated sequence while amount of methylated sequence is 7,21 μg to yield a 0,075 

(a.u.) absorbance maximum at 505 nm. The reason of this amount difference is methyl 

groups at 5’ position in cytosine structure, interrupt the interaction of polymer-ssDNA 

complex. PT3-Complemenlatary-2 titration curve has a different behaviour compared to 

methylated and unmethylated sequence (Figure 39). New peak occurred after addition of 

ssDNA at 525 nm. Corresponding absorbance maximum is 0,063 (a.u.) with addition of 

4,2 μg complementary-2. The isosbestic point of curve observed at 448 nm before 

aggregation start. The fast increase of a peak at 525 nm resulted from the fast change in 

polymer conformation. Conformational change is fast with the polymer-homopyrimidine 

complex formation. In this scenario, evolution of titration curve resulted from the 

homopyrimidine content in complementary-2. The ratio of cytosine is 55% while the 

thymine ratio is 15% (70% homopyrimidine ratio) in complementary-2. PT3-PolyC (10) 

interaction already examined and monitored with UV-VIS spectrophotometer. In 

detection of DNA methylation section, working polymer is PT3 and titration experiment 

repeated with PT3. Maximum absorbance ratio of 395 nm/595 nm of PT3- PolyC (10) 

complex is 1,27.  The behaviour of 2 different titration curves is similar with different 

intensities. 

To understand the nature of sequences and behaviour of the polymer-DNA 

complex is crucial for the further DNA methylation detection. The comparison of 

homopyrimidine ratio in target sequences also give an idea about the required amount of 

ssDNA for the analysis and evolution of the UV-VIS spectra (Figure 41). Considering 20 

base pairs target sequences for the DNA methylation detection from the p16INK4A gene, 

both unmethylated and methylated sequence cytosine ratio is 25% while the thymine ratio 

is 5% (30% homopyrimidine ratio).  Homopyrimidine content effect the rate of the 

formation of polymer-ssDNA complex in heterosequence regarding UV-VIS titration 

curve of the unmethylated sequence, methylated sequence, complementary-2 with the 

PT3. 
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Figure 39. UV-VIS spectra of PT3- Complementary-2 titration 
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Figure 40. UV-VIS spectra of PT3- PolyC (10) titration 
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Figure 41. Intensity differences in absorbance maximum at 505 nm versus amount of 

adding oligonucleotides (μg) in a medium  
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3.5. Detection of DNA Methylation of p16INK4A gene by Polythiophene

The conformational change in polythiophene backbone with addition of DNA 

samples monitoring with UV-VIS and fluorescence spectrophotometer and methylated 

and unmethylated sequence can be detected by the proposed assay shown in Figure 42. 

 

Figure 42. Detection mechanism of DNA methylation of p16INK4A gene by 

polythiophene based optical sensor 

For the detection of DNA methylation of p16INK4A gene, PolyC (10) used as 

reference sequence. All SBC protocols applied to the PolyC (10) and converted to PolyU 

(10). The aim of this step is also ensuring the SBC efficiency. 100 μM DNA samples 

were used in every step of DNA characterization. However, in detection of DNA 

methylation section the molarity of DNA samples smaller or equal to 10 μM. This 

molarity difference originated from the SBC protocols. Reference titration curves are 

required to understand the accomplishment of SBC. Figure 43a shows the titration curve 

of the PT3-PolyC (10) complex and the molarity of added polyC (10) into a PT3 medium 

is 10 μM. A peak at 405 nm gradually decreased with addition of ssDNA. At the same 

time, the peaks at 545 nm and 585 nm slightly occurred. This result shows the PT3 is 

suitable for the low concentrated DNA samples. PT3-PolyA (10) titration curve in low 

concentration shown in Figure 43b. Decrease of polymer absorbance maximum observed 

during titration while there is no spectral change in longer wavelength.  
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Figure 43. a) UV-VIS spectra of PT3-PolyC (10) titration b) UV-VIS spectra of PT3- 

PolyA (10) titration 

Polymer-ssDNA titration curves are required to compare the before and after 

SBC to demonstrate the all cytosine units in polyC (10) chain converted to uracil 

successfully. Figure 44a shows the titration curve of PT3-PolyU (10). The intensity of 

polymer band slightly decreased with addition of ssDNA while there is no spectral change 

in longer wavelength. However, formation of isosbestic point shows the 2-different 

species in a medium which are PT3 and PT3-PolyU (10) complex. PT3-dsAU titration 

curve shown in Figure 44b. A peak at 405 nm gradually decrease while the intensity of a 

range between 505 nm to 595 nm is slightly increased with addition of dsDNA. Also, a 

peak at 405 nm intensity difference is 0,026 (a.u.) while the intensity changes on PT3-

PolyU (10) is 0,016 (a.u.). Isosbestic point observed at 485 nm. Comparison of isosbestic 

points of both before and after SBC polymer-DNA titration curves also give the 

information about the accomplishment of SBC. The isosbestic points of titration curves; 
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505 nm, 520 nm, 515 nm and 485 nm for the PT3-PolyC (10), PT3-PolyA (10), PT3-

PolyU (10) and PT3-dsAU respectively.  

300 400 500 600 700
0,00

0,04

0,08

0,12

300 400 500 600 700
0,00

0,04

0,08

0,12

a)
A

bs
or

ba
nc

e 
(a

.u
.)

Wavelength (nm)

 PT3
PolyU (10) add.

 28 ng
 56 ng
 84 ng
 112 ng
 140 ng
 168 ng
 196 ng
 224 ng
 252 ng
 280 ng
 308 ng
 336 ng
 364 ng
 392 ng
 420 ng

b)

Wavelength (nm)

 PT3
dsAU (10) add.

 56 ng
 112 ng
 168 ng
 224 ng
 280 ng
 336 ng
 392 ng
 448 ng
 504 ng
 560 ng
 616 ng
 672 ng
 728 ng
 784 ng
 840 ng

 

 

Figure 44. a) UV-VIS spectra of PT3- PolyU (10) titration after SBC b) UV-VIS spectra 

of PT3- dsAU (10) titration after SBC 

The final UV-VIS spectra of PT3-PolyC (10), PT3-PolyA (10), PT3-PolyU (10) 

and PT3-dsAU complexes shown in Figure 45. This graph shows the all species have a 

different spectral behaviour. Optimization of SBC reaction and titration experiments have 

been done successfully and target sequences from the p16INK4A prepared and converted 

with respect to these reference experiments. Both low concentrated unmethylated and 

methylated sequences reference titration curves are required to comparison. PT3-

Unmethylated titration curve before SBC shown in Figure 46a. A peak at 405 nm slightly 

decreased while a peak at 545 nm gradually increased with the addition of unmethylated 

sequence. 
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Figure 45. Final UV-VIS spectra with different DNA species 

Formation of isosbestic point observed at 505 nm during titration. 

Corresponding intensity change in both polymer absorbance maximum and longer 

wavelength with addition of unmethylated sequence is merely observed owing to low 

concentrated DNA samples to compared with 100 μM DNA samples. Figure 46b shows 

the titration curve of PT3-Unmethylated sequence after SBC. A peak at 405 nm slightly 

decreased while a peak at 545 nm gradually increased with the addition of unmethylated 

sequence. Formation of isosbestic point observed at 485 nm. PT3-Methylated sequence 

titration curves before and after SBC shown in Figure 47. A peak at 405 gradually 

decreased while the intensity of a range between 520 nm to 595 nm slightly increased 

with addition of methylated sequence in both UV-VIS spectra a and b. Also, formation 
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of isosbestic points of 2 titration curves observed at 517 nm and 519 nm for the PT3-

Methylated sequence before SBC and PT3-Methylated sequence after SBC respectively. 
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Figure 46. UV-VIS spectra of PT3-Unmethylated sequence titration a) before SBC b) 

after SBC 

.  The base content change in unmethylated sequence resulted 15 nm isosbestic 

point shift while the base content change in methylated sequence resulted 2 nm isosbestic 

shift.  PT3-dsDNA (unmethylated/complementary-2) titration curve after SBC shown in 

Figure 48. SBC applied on unmethylated sequence while the complementary-2 sequence 

remains unchanged. A peak at 405 nm slightly decreased while the no spectral change 

observed in longer wavelength region with addition of dsDNA. Also, isosbestic point of 

titration curve observed at 525 nm which represent the 2-different medium; PT3 and PT3-

dsDNA complex. The main difference between polymer-ssDNA and polymer-dsDNA is 

the new intensities in longer wavelength region. In polymer-ssDNA slightly increment of 

new peak observed at 545 nm in PT3-Unmethylated sequence titration curve and intensity 

of a range between 520 nm to 595 nm slightly increased in PT3-Methylated sequence 

titration curve.   
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Figure 47. UV-VIS spectra of PT3-Methylated sequence titration a) before SBC b) after 

SBC 

These UV-VIS titration curves prove the Polymer-ssDNA and Polymer-dsDNA 

titration curves yield an essential spectral change in UV-VIS region. The fast time analyse 

desired for the clinical use that is why fluorescence characterization and detection of DNA 

methylation with fluorescence spectrophotometer required. To detect the DNA 

methylation titration experiments were performed for the unmethylated sequence, 

methylated sequence and dsUnmethylated-Complementary-2 with monitoring 

fluorescence spectrophotometer. PT3-Unmethylated sequence titration curve shown in 

Figure 49. Quenching observed with addition of unmethylated sequence and emission 

maximum shifted from 535 nm to 542 nm. The intensity of maximum emission ratio of 

PT3/PT3-Unmethylated sequence is 2,13 with a 0 and 312 ng ssDNA in a medium.  

Figure 50 shows the titration curve of the PT3-Methylated sequence. Quenching observed 

with addition of methylated sequence and emission maximum shifted from 535 nm to 539 

nm. The intensity of emission maximum ratio of PT3/PT3-Methylated sequence is 1,53 

with a 0 to 217 ng ssDNA in a medium. PT3-dsDNA(Unmethylated-Complementary-2) 

titration curve shown in Figure 51. The emission maximum shifted from 535 nm to 537 
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nm and quenching observed with addition of dsDNA in a medium. The intensity of 

maximum emission ratio of PT3-PT3-dsDNA(Unmethylated-Complementary-2) is 1,42 

with a 0 and 332 ng dsDNA in a medium. The maximum emission ratio is high with the 

PT3-ssDNA complex and low with PT3-dsDNA complex. The final amount of ssDNA 

and dsDNA are different for all medium. To make better comparison, similar or nearly 

amount of DNA required. 
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Figure 48. UV-VIS spectra of PT3-dsDNA(unmethylated/complementary-2) titration 

after SBC 

Figure 52 shows the nearly similar amount of DNA used in titration experiments 

which the amount of unmethylated sequence, methylated sequence and dsDNA 

(Unmethylated sequence-Complementart-2) are 249,6 ng, 217,5 ng and 249,0 ng 

respectively. The emission maximum of PT3-Unmethylated sequence shifted from 535 

nm to 539 nm to compare the PT3 emission maximum. PT3-Methylated sequence has the 

same shift from 535 to 539 nm. On the other hand, PT3-dsDNA complex corresponds the 

2 nm shift which from 535 nm to 537 nm.  
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Figure 49. Fluorescence spectra of PT3-Unmethylated sequence titration after SBC 
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Figure 50. Fluorescence spectra of PT3-Methylated sequence titration after SBC  

The intensity of emission maximum ratio of PT3/PT3-dsDNA is 1,17 with a 0 

and 249,0 ng of dsDNA in a medium. The ratio is 1,65 for PT3/PT3-Unmethylated 

sequence with 0 and 249,6 ng of ssDNA in a medium while the ratio is 1,77 for PT3/PT3-

Methylated sequence with 0 and 217,5 ng in a medium. Furthermore, under the curve area 

of corresponding spectra are calculated for PT3-Unmethylated sequence, PT3-

Methylated sequence, PT3-dsDNA and PT3. The graph plotted Io/I with respect to the 

different polymer-DNA complex where the Io is the under the curve are of PT3 and I is 

the under the curve are a corresponding PT3-DNA complex (Figure 53). The general 

behaviour of ssDNA is Io/I distributed from 1,6 to 1,7 while the behaviour of the dsDNA 

is Io/I is equal to 1,16. The intensity of emission maximum ratio and under the curve area 

ratio have nearly same result but under the curve area calculation consider the all point of 
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spectra and better method for comparison in detection of DNA methylation. This result 

proved the low amount of ssDNA and dsDNA can classify with a fluorescence 

spectrophotometry and methylated and unmethylated sequences detected via cationic 

polythiophene-DNA complex behaviour. All titration experiments in detection of DNA 

methylation of p16INK4A gene by Polythiophene part were performed with addition of 1μl 

sample including range between 14 ng to 40 ng into the medium. To achieve the fast 

detection, different addition volume is tried, and titration experiments were performed 

with addition of 1μl, 5 μl and 15 μl sample into a medium with a same final amount of 

sample. This experiment carried out with PT3 and unmethylated sequence. The titration 

curves show the addition of 1μl and 5μl sample into the medium, yield a nearly same 

spectrum while the final amount of added sample is same (Figure 54). 
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Figure 51. Fluorescence spectra of PT3-dsDNA (Unmethylated-sequence/ 

Complementary-2) titration after SBC 
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Figure 52. Fluorometric comparison of Polymer-DNA complex spectra 

Titration experiments of PT3 with addition of ssDNA and dsDNA were 

performed to achieve the general behaviour of the ssDNA and dsDNA in under the curve 

area ratio for the detection of DNA methylation. Figure 55a shows the 3 different trials 

of both PT3-ssDNA (Unmethylated sequence) and PT3-dsDNA (Unmethylated 

sequence-Complementary-2) titration curves. The working scale is 700 ng for each trial 

of unmethylated sequence and dsDNA (Unmethylated sequence-Complementary-2). The 

area under the curve ratio of PT3/PT3-ssDNA trials are 1,60, 1,61 and 1,70 while the ratio 

of PT3/PT3-dsDNA trials are 1,39, 1,37 and 1,12 shown in Figure 56. Previous 

calculations show the ratio of PT3-ssDNA higher than 1,6 and ratio of PT3-dsDNA is 

1,17 (Figure 53). These ratios show the PT3-ssDNA complexes and PT3-dsDNA have 

the different behaviour and the population of behaviour has been accomplished with the 

different titration trials. The region of ssDNA higher than 1.60 in Io/I ratio while the 

dsDNA lower than the 1,40 in Io/I ratio. 
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Figure 53. Comparison of under the curve area of Unmethylated, methylated and 

dsDNA sequences 
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Figure 54. Comparison of different addition amount of Unmethylated sequence into a 

polymer medium (final DNA content same) 
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Figure 55. Fluorescence spectra of a) PT3-ssDNA b) PT3-dsDNA with 3 different trials 
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Figure 56. Comparison of under the curve area ratio 
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3.6. Investigation of Dihedral Angle change on Polythiophene 
backbone with Computational Methods 

Computational calculation performed for PC1, PC1 oligomers, M3 and M3 

oligomers to understand the how change of dihedral angle and coupling type affect the 

optoelectronic properties of polythiophene. Computational UV-VIS spectra of oligomers 

compared with experimental PT0 and PT3.  

The ground state geometries and electronic structure of PC1 molecule were 

obtained at B3LYP/631-G level of the theory via G09 software package in gas phase. The 

method validation for excited state calculations was performed by comparing 

computational UV-VIS spectra with experimental ones.  Different combinations of DFT 

functionals (B3LYP, CAM-B3LYP, MPW1PW91, PBEPBE) and basis sets (631-G, 631-

G (d,p), 6311-G(d,p) and CC-PVDZ/+(d,p)) for the ground and excited states calculations 

were used in method validation. Computational UV-VIS spectra obtained at 

PBEPBE/631-G level of theory in gas phase. Conformational analysis was done through 

SPARTAN’10 program suite. 

Calculation of polythiophene chain started with the optimization of monomer. 

First step of the optimization of monomer is to determine the possible conformations of 

monomer. Each conformation optimized with same methods and compared as an 

energetically. Energetically most favorable monomer conformation used as a model for 

the further coupling. In every step of elongation of oligomer, conformation analysis, 

optimization of conformations and comparison of conformations energies carried out. 

Furthermore, in every step of elongation of oligomer, computational UV-VIS spectra 

compared with the experimental ones. PC1 have only one conformation in the space and 

shown in Figure 57. There are 3 possible coupling types for the PC1 monomer and these 

are HH, TT, HT. Three possible coupling types arranged with model monomer (Figure 

57) possible conformations optimized and their energies were compared. Energetically 

favorable conformation of dimer coupled as TT and dihedral angle is 56o shown in Figure 

58. Investigation of dihedral angle change started with the dimer. The structure of dimer 

distorted with the change of the dihedral angle and in every distortion step excited state 

calculation performed to obtain corresponding UV-VIS spectrum for the related dihedral 

angle. The values of dihedral angle, corresponding max and relative energies shown in 

Table 4. Red shift observed in UV-VIS spectra with the planarization of the dimer. max 
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equal to 333 nm with the 56o dihedral angle while max equal to 350 nm with the 180o 

dihedral angle (planar) shown in Figure 59. 

 

 

Figure 57. 3-methoxy-4-methylthiophene 

 

 

 Figure 58. Energetically stable conformation of dimer 

Arrangement of the trimer performed with addition of energetically favorable 

monomer to the energetically favorable dimer. There are two possible coupling types is 

available for this arrangement. The reason of this, monomer units coupled as a TT during 

dimer formation and HT or HH coupling occurs for the addition of the monomer units to 

the dimer. Energetically favorable conformation of trimer (Figure 60) coupled as TT-HT 

and dihedral angles (θ1, θ2) are 55o-52o. The values of dihedral angle, corresponding max 

and relative energies shown in Table 5. Stable conformation of trimer has max at 392 nm 

and planar conformation of trimer has  max at 429 nm (Figure 61). In the dihedral angle 

investigation of trimer two different method experienced, these are distortion of structure 

with the change of dihedral angles. First method is the change of dihedral angle θ1 from 

55 o to 180 o. Then, θ1 remain constant as 180 o and dihedral angle θ2 changed from 52 o 
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to 180o. In every step of the dihedral angle change, single point energy calculation 

performed and plotted (Figure 62a). 

Table 4. Dihedral angle change of dimer with related max and relative energies 
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Figure 59. a) Graph of Table 4 b) UV-VIS spectrum of the stable and planar 

conformation of dimer 

 

Dihedral  
Angle(o) 

max 

(nm) 
Relative Energy 
(kj/mol) 

56(Stable) 333 0 

70 329 1,64834197 

80 328 2,971783 

90 327 3,73772594 

100 327 4,192944289 

110 329 4,911002669 

120 334 7,24915533 

130 340 12,71342944 

140 346 21,76447761 

150 351 33,42381667 

160 352 44,39276748 

170 351 49,87111293 

180 350 47,09092067 
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Figure 60. Stable conformation of trimer 

 

Table 5. Dihedral angle change of trimer with related max and relative energies 

 

 

Second method is the change of dihedral angle θ1 and θ2 from 55 o to 180 o and 

52 o to 180 o independently. In every step of the dihedral angle change, single point energy 

calculation performed and plotted (Figure 62b). These graphs show the planarization of 

θ1 is favorable. Planarization of θ2 required nearly 220 kj/mol energy while the θ1 is 

Dihedral  

Angle(o) 
max 

(nm) 
Relative Energy 

(kj/mol) 

Dihedral 

Angle 
max 

 (nm) 
Relative Energy 

(kj/mol) 

55-52 392 0 180-60 400 48,6943184 

70-52 386 2,18911722 180-70 394 51,3061796 

80-52 384 3,84396981 180-80 390 54,2085772 

90-52 383 4,68630752 180-90 391 58,3531119 

100-52 383 5,16927477 180-100 397 66,5774951 

110-52 384 5,73745762 180-110 408 82,6656572 

120-52 387 8,00207703 180-120 423 111,142033 

130-52 394 13,2313125 180-130 439 154,124201 

 140-52 402 22,1010084 180-140 448 207,323081 

150-52 407 33,5895487 180-150 444 254,389718 

160-52 410 44,2774665 180-160 435 267,884894 

170-52 410 49,5559517 180-170 430 235,081424 

180-52 409 46,7560438 180-180 429 178,287553 
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180o. On the contrary, approximately 507 kj/mol energy required to planarize to θ2 while 

θ1 is 55 o. 
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Figure 61. UV-VIS spectrum of the stable and planar conformation of trimer 
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Figure 62. Dihedral change of trimer with two different angle (θ1 and θ2) a) 

dependently, b) independently 

Arrangement of tetramer performed with the addition of model monomer to the 

energetically favorable conformation of trimer and all conformation calculation protocol 

carried out. In formation of tetramer four possible coupling type exist and these are HT-

TT-HT, HH-TT-HT, TT-HT-HT and TT-HT-HH. Energetically favorable conformation 

of tetramer coupled as TT-HT-HT and dihedral angles (θ1, θ2, θ3) are 54o -49o -161o 

shown in Figure 63. The values of dihedral angle, corresponding max and relative 
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energies shown in Table 6. Relative energy curves of the different conformations shown 

in Figure 64a and UV-VIS spectra of the stable and planar conformation of tetramer 

shown in Figure 64b. 

 

 

Figure 63. Stable conformation of tetramer 

 

Table 6. Dihedral angle change of tetramer with related max and relative energies 

Dihedral 
Angle(o) 

max 

(nm) 
Relative 
Energy(kj/mol) 

Dihedral 
Angle(o) 

max 

(nm) 
Relative 
Energy(kj/mol) 

161-49--54 458 0 180-180--54 477 142,0187268 

180-49--54 458 5,386487951 180-180--60 473 142,5535165 

180-60--54 451 7,052209076 180-180--75 461 145,3323961 

180-75--54 439 11,02738888 180-180--90 452 147,2509026 

180-90--54 432 15,08408269 180-180--105 456 410,4267808 

180-105--54 435 25,31014026 180-180--120 470 150,901969 

180-120--54 451 52,05734237 180-180--135 485 160,5277894 

180-135--54 471 106,0346613 180-180--150 497 176,9882907 

180-150--54 481 174,6576725 180-180--165 501 429,0805997 

180-165--54 479 197,4345252 180-180--180 501 187,9482894 
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Figure 64. a) Graph of Table 6, b) UV-VIS spectrum of the stable and planar 

conformation of tetramer 

Arrangement of pentamer performed with the addition of model monomer to the 

energetically favorable conformation of tetramer and all conformation calculation 

protocol carried out. There are 4 possible coupling types exist for arrangement of 

pentamer and these are HT-TT-HT-HT, HH-TT-HT-HT, TT-HT-HT-HT and TT-HT-

HT-HH. Energetically favorable conformation of pentamer coupled as TT-HT-HT-HT 

and dihedral angles (θ1, θ2, θ3, θ4) are 55o -48o -165o -160o shown in Figure 65. Table 7 

shows the values of dihedral angle, corresponding max and relative energies and also 

plotted in Figure 66a. UV-VIS spectra of the stable and planar conformation of pentamer 

shown in Figure 66b. 

 

Figure 65. Stable conformation of pentamer 
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Table 7.  Dihedral angle change of pentamer with related max and relative energies 

Dihedral  
Angle(o) 

max 

(nm) 
Relative Energy 
(kj/mol) 

Dihedral  
Angle(o) 

max 

 (nm) 
Relative Energy 
(kj/mol) 

160-165-48-55 529 0 180-180-165-55 543 152,1191137 

180-165-48-55 529 5,252180159 180-180-180-55 542 92,98354598 

180-180-48-55 528 8,445087967 180-180-180-75 528 102,7722106 

180-180-60-55 518 16,18553258 180-180-180-90 523 107,0272684 

180-180-75-55 503 28,88932735 180-180-180-105 526 105,7404496 

180-180-90-55 487 42,55892535 180-180-180-120 537 102,5077955 

180-180-105-55 483 56,4833301 180-180-180-135 551 104,6167376 

180-180-120-55 503 75,03374039 180-180-180-150 562 115,6607705 

180-180-135-55 524 117,267686 180-180-180-165 567 127,9785223 

180-180-150-55 538 162,4327233 180-180-180-180 557 126,4017184 
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Figure 66. a) Graph of Table 7, b) UV-VIS spectrum of the stable and planar 

conformation of pentamer 

Arrangement of hexamer had the same path with previous oligomers. There are 

four possible coupling types through the nature of the addition of monomer to the 

pentamer. Energetically favorable conformation of hexamer coupled as TT-HT-HT-HT-

HT and dihedral angles (θ1, θ2, θ3, θ4, θ5) are 55o-49o-160o-164o-47o shown in Figure 

67. Table 8 shows the values of dihedral angle, corresponding max and relative energies 

and also plotted in Figure 68a. UV-VIS spectra of the stable and planar conformation of 

hexamer shown in Figure 68b. 
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Figure 67. Stable conformation of hexamer 

 

Table 8. Dihedral angle change of hexamer with max and relative energies 

Dihedral Angle(o)  max 

(nm) 
Relative 
Energy  
(kj/mol) 

Dihedral  
Angle(o) 

 max 

(nm) 
Relative 
Energy 
(kj/mol) 

47-164-160-49-55 556nm 0 180-180-180-105-55 538nm 87,42604925 

60-164-160-49--55 544nm 7,824505119 180-180-180-120-55 560nm 104,7901091 

75-164-160-49--55 531nm 19,18096908 180-180-180-135-55 582nm 149,7350191 

90-164-160-49-55 525nm 26,83086883 180-180-180-150-55 597nm 208,8395301 

105-164-160-49-55 533nm 32,36854493 180-180-180-165-55 602nm 220,7607641 

120-164-160-49-55 548nm 46,81256541 180-180-180-180-55 603nm 162,0344991 

135-164-160-49-55 563nm 75,35853632 180-180-180-180-75 592nm 170,3668064 

150-164-160-49-55 573nm 94,4034387 180-180-180-180-90 586nm 174,1420209 

165-164-160-49-55 578nm 77,01050113 180-180-180-180-105 588nm 173,8238406 

180-164-160-49-55 580nm 39,06093724 180-180-180-180-120 596nm 172,7846091 

180-180-160-49-55 580nm 42,79131248 180-180-180-180-135 608nm 176,6414689 

180-180-180-49-55 578nm 47,91459286 180-180-180-180-150 619nm 188,4603969 

180-180-180-60-55 566nm 55,47108621 180-180-180-180-165 624nm 200,267065 

180-180-180-75-55 547nm 68,84536983 180-180-180-180-180 624nm 197,636827 

180-180-180-90-55 531nm 80,83430902    
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 The most significant behaviour of oligomers observed in relative energy curves 

through the change of dihedral angle. As shown in Figure 68a, occurrence of energy 

barrier was observed before the corresponding dihedral angle planarized. The peak of the 

energy barrier observed between 150o and 165 o. However, planarization of dihedral 

angles that equal or close to 160 o there were no observable energy barrier. Two dihedral 

angles of energetically favorable conformation of hexamer is equal or close to 160o (θ3 

and θ4).  
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Figure 68. a) Graph of Table 8, b) UV-VIS spectrum of the stable and planar 

conformation of hexamer 

Further discussion in hexamer structure is the order of the planarization. Clearly, 

which dihedral angle planarized (reach 180o) first in the five dihedral angles of hexamer 

structure. For this reason, every dihedral angle planarized independently and single point 

energy calculation carried out. More specifically, θ1 equal to 180o while the other dihedral 

angles (θ2, θ3, θ4 and θ5) remain same as stable conformation of hexamer (Table 9). 

Then, θ2 equal to 180o while the other dihedral angles (θ1, θ3, θ4 and θ5) remain same 

as stable conformation of hexamer and continued for θ3, θ4 and θ5(Figure 69a). The 

graph shows the planarization of θ4 energetically favorable than other dihedral angles 

(θ1, θ2, θ3 and θ5). In this scenario, θ4 planarized first (equal to 180o). Next step is the 

defining the secondly planarized dihedral angle. For this reason, same single point energy 

calculation carried out for the remaining twisted dihedral angles (θ1, θ2, θ3 and θ5) shown 

in Figure 69b. The graph shows the planarization of θ3 energetically favorable than other 
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dihedral angles (θ1, θ4 and θ5). Then, remaining dihedral angles (θ1, θ2 and θ5) 

planarized and single point energy calculation performed. Figure 69c shows the 

planarization of θ1 energetically favorable than other dihedral angles (θ2 and θ5). These 

calculation steps show the planarization of hexamer structure have an order. First 

planarization state of hexamer structure occurs in θ4, second planarization occurs in θ3, 

third planarization occurs in θ1 and goes on. Dihedral angles of hexamer (θ1, θ2, θ3, θ4, 

θ5) are 55o-49o-160o-164o-47o and 1st,2nd, 3rd, 4th and 5th planarization of hexamer ordered 

as θ4, θ3, θ1, θ5 and θ2 respectively. 

 

Table 9. Order of the planarized dihedral angle 

 

 

  

 

 

 

 

 

Further oligomer calculation performed to compare experimental and 

computational UV-VIS spectra. Figure 70 shows UV-VIS spectra of the stable and planar 

conformation of heptamer and octamer. Evolution of oligomerization in UV-VIS region 

shown in Figure 71. Red shift observed with the elongation of oligomer as expected. The 

intensity of absorbance maximum of octamer 16 times greater than the monomer. This 

could be show the why the oligo/polythiophenes are fluorescence active while the 

monomer is fluorescently inactive. 

The comparison of experimental and computational UV-VIS spectra carried out 

with hexamer, heptamer and octamer (Figure 72). The experimental spectrum has 

absorbance maximum at 391 nm with a 595 nm shoulder. In computational spectra the 

intensities of corresponding peaks are different than experimental one. Intensity 

differences of peaks originated from the electron transition states. 

 

Dihedral 
Name 

Dihedral 
Angle(o) 

After 1st 
Planarization 

After 2nd 
Planarization 

After 3rd 
Planarization 

θ1 55 55 55 180 

θ2 49 49 49 49 

θ3 160 160 180 180 

θ4 164 180 180 180 

θ5 47 47 47 47 
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Figure 69. Relative energy versus different dihedral planarization, a) First planarization 

relative energy comparison, b) planarization relative energy comparison, c) 

planarization relative energy comparison 



70 
 

300 450 600 750
0,0

0,4

0,8

1,2

300 450 600 750
0,0

0,4

0,8

1,2

N
or

m
al

iz
ed

 E
ps

ilo
n

Wavlelength (nm)

 Stable
 Planar

Heptamer

a) b)

Octamer

N
or

m
al

iz
ed

 E
ps

ilo
n

Wavelength (nm)

 Stable
 Planar

 

Figure 70. UV-VIS spectra of the stable and planar conformation of a) heptamer, b) 

octamer 
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Figure 71. UV-VIS spectra of oligomers 

A peak at 595 nm in experimental spectrum has a shoulder behaviour while the 

corresponding computational longer wavelength peaks have HOMO to LUMO transition. 

The longer wavelength peaks at 547, 571 and 591 nm for hexamer, heptamer and octamer 

respectively. Heptamer is more appropriate as a model of polythiophene than hexamer 
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and octamer considering experimental absorbance maximum at 391 nm with a 595 nm 

shoulder. 
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Figure 72. Merged UV-VIS spectra of experimental polythiophene and computational 

oligomers 

Polymeric behaviour of oligomers increases with the linearization of plot 

(energy/n versus n). Figure 73 shows the sharp increment from monomer to tetramer. 

Then, addition of new monomer unit from tetramer to octamer decreased the rate of 

increment and plot linearized. Therefore hexamer, heptamer or octamer can used as model 

for the polymer behaviour. Generally, tetramer or hexamer used as a model in the 

literature [62] but we decided to heptamer which corresponding UV-VIS region 

behaviour similar to experimental one. Every step of elongation of oligomers with the 

corresponding dihedral angle and coupling type shown in Figure 74. Addition of 

monomer unit to the oligomer chain affects the value of dihedral angle not nature. The 

change of dihedral angle values range is +/- 8o during elongation of oligomer chain and 

this proves the accuracy of longer oligomers dihedral angles reinforced with the previous 

oligomer dihedral angles. 
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Figure 73. Energy distribution with increasing number of repeating unit 

 

 

Figure 74. Representation of thiophene oligomers starting from monomer and related 

dihedral angle 

The ground state geometries and electronic structure of PC1 monomer, dimer 

and trimer molecules were obtained at semi-empirical method (PDDG). These calculation 
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steps performed to obtain the bond, angle and dihedral angle average error between DFT 

and semi-empirical method. The average percentage errors shown in Table 10. Resultant 

percentage error is acceptable for the further M3 and M3 based oligomers semi-empirical 

calculation. 

Table 10. DFT and Semi-empirical(PDDG) method comparison 

 Bond Av. Error% Angle Av. Error% Dihedral Av. Error% 

Monomer 1,771655 1,236562 0,086032 

Dimer 1,770988 1,340654 1,395901 

Trimer 1,88 0,517989 3,224729 

 

Semi-empirical method PDDG used to obtain the M3 and M3 based oligomer 

ground state geometries and electronic structure considering DFT and semi-

empirical(PDDG) method comparison. Same calculation steps were performed in M3 and 

M3 based oligomer as a PC1 and PC1 based oligomers calculation. The only difference 

is the optimization method. In every step of elongation of oligomers chain, conformation 

analysis, optimization of conformations and comparison of conformations energies were 

performed. Excited state works have been done through the TD-DFT/PBEPBE/631-G 

level of theory. The comparison of computational spectra with the experimental spectra 

crucial to understand the optical properties of cationic polythiophene(PT3). Energetically 

favorable conformation of M3 is shown in Figure 75. Excited state calculation was 

performed to obtain three main conformational state of structure which are, stable, planar 

and coiled conformation. These conformations yield an optical potential range of the 

cationic polythiophene in UV-VIS region. UV-VIS spectra of stable, planar and coiled 

conformations of dimer and trimer shown in Figure 76 while tetramer and pentamer 

shown in Figure 77. The general behaviour of the backbone explained as twisted 

conformation has a shorter absorbance maximum while the planar conformation of the 

backbone yields a higher absorbance maximum. In this work, coiled conformation 

calculated as a most twisted conformation, and all dihedral angles equal to 90o. 

Corresponding absorbance maximum shifted to the longer wavelength with elongation of 

oligomers monomer to pentamer. In addition to this, differences between stable and 

planar conformation absorbance maximums increased such as 36 nm red shift observed 

with planarization of dimer while the 76 nm, 147 nm and 170 nm red shift observed for 

trimer, tetramer and pentamer respectively. The coupling type is TT, TT-HT and TT-HT-
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HT for dimer, trimer and tetramer, respectively. These coupling types are the same with 

PC1 oligomers. Most significant coupling differences observed in pentamer that 

energetically favorable conformation coupled as a HT-TT-HT-TT. Coupling type 

difference originated from the different substituent group even substituent bounded to 

thiophene unit from the same methoxy group. 

 

Figure 75. Stable conformation of 1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-

diazabicyclo [2.2.2] octan-1-ium 
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Figure 76. UV-VIS spectra of stable, planar, coiled conformation of a) dimer and, b) 

trimer 
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Figure 77. UV-VIS spectra of stable, planar, coiled conformation of a) tetramer and, b) 

pentamer 

DFT calculation performed for the all possible conformation of pentamer to 

clarify the coupling type differences that resulted from semi-empirical method errors or 

not. Figure 78 shows the relative energy curves of possible conformation of pentamer 

with DFT (black) and Semi-empirical method (PDDG) (red). Conformation 17 

energetically favorable in both calculation method. Furthermore, distribution of relative 

energies has a same path with DFT and PDDG method with a two disruption of path. This 

comparison shows the PDDG is an accurate, fast and inexpensive method determining 

the energetically favorable conformations of oligomers.  

UV-VIS spectra of stable, planar and coiled conformations of hexamer and 

heptamer shown in Figure 79. Hexamer coupled as HT-HT-TT-HT-HT while heptamer 

coupled as HT-HT-HT-TT-HT-HT. Differences between stable and planar conformation 

absorbance maximums increased, 209 nm and 213 nm red shift observed with 

planarization of hexamer and heptamer respectively. Dihedral angle, coupling type and 

corresponding absorbance maximum of oligomers shown in Table 11 from monomer to 

heptamer. Experimental spectrum of PT3 compared with computational spectra of 

hexamer and heptamer shown in Figure 80. Absorbance maximum of heptamer has better 

fit with the experimental one than the absorbance maximum of hexamer. The absorbance 

maximum differences of experimental one and heptamer is 14 nm while the hexamer has 

51 nm differences. For this reason, M3 based heptamer is appropriate model for the PT3. 
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Figure 78. Relative Energy comparison of possible conformation of pentamer between 

DFT and Semi-Empirical(PDDG) methods 
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Figure 79. UV-VIS spectra of stable, planar, coiled conformation of a) hexamer and, b) 

heptamer 
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Table 11. Dihedral angle, coupling type and corresponding absorbance maximum of 

oligomers starting from monomer 

Name max 

(nm) 
Dihedral  
Angle(o) 

Coupling Type 

Monomer 239 - - 

Dimer 272 104 TT 

Trimer 318 110-115 TT-HT 

Tetramer 312 101-89-111 TT-HT-HT 

Pentamer 352 53-53-89-110 HT-TT-HT-HT 

Hexamer 352 109-105-55-99-102 HT-HT-TT-HT-HT 

Heptamer 389 109-101-104-56-101-110 HT-HT-HT-TT-HT-HT 
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Figure 80. Comparison of Experimental and Computational UV-VIS Spectra 

Figure 81 shows the model heptamer structure of PT0 and PT3. Dihedral angles 

and coupling types of oligomer chains are totally different. In the contrary, dihedral angle 

of TT coupling is similar in both structure which 54o for PT0 and 56o for PT3. The nature 

of TT coupling distorted the different polymer chain with a nearly same dihedral angle. 

The TT coupling is defect in the HT coupled polymer chains that number, position of 

defect and distortion of polymer chain have an influenced on the optical properties of 

polythiophene. HT content is 86% for both oligomer chain and HT content will increase 

with the elongation of the chains. The most significant result is, heptamer has the best fit 

with the experimental spectra for both structure.  
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Figure 81. Comparison of coupling type and dihedral angle differences between PT0 

and PT3 

 

 

 

 

 

 

 

 

 

 



79 
 

CHAPTER 4                                                            

CONLUSION 

The goal of this work, developed the new detection method for DNA methylation 

via polythiophene. In order to do that water soluble polythiophene synthesized and 

detection of DNA methylation is achieved.  

First of all, poly(1-(3-((4-methylthiophen-3-yl) oxy) propyl)-1,4-diazabicyclo 

[2.2.2] octan-1-ium bromide) (PT3) synthesized and characterized by 1H NMR analysis, 

UV-VIS and fluorescence spectrophotometer and used for the detection of DNA 

methylation. Furthermore, poly(N-allyl-N-methyl-N-(3-((4-methylthiophen-3-yl) oxy) 

propyl) prop-2-en-1-aminium bromide) (PT1), used in characterization of homopurines 

and homopyrimidines while the poly(1,4-dimethyl-1-(3-((4-methylthiophen-3-yl) oxy) 

propyl) piperazin-1-ium bromide) (PT2) used as a control in experiments. Moreover, 

conformational change of polythiophene investigated with computational methods. The 

most significant results are the; firstly, occurrence of energy barrier was observed 

between 150o and 165o before corresponding dihedral angle planarized, secondly, 

heptamer has the best fit with the experimental spectra for PT0 and PT3.  

Characterization of homopurines and homopyrimidines is crucial to understand 

the nature of polymer-DNA complexes. 395 nm/595 nm ratio of PT1-DNA complex in 

UV-VIS titration curves proved the different behaviour of homosequences observed 

which the ratio of polyC (10) is 1,25, polyC (20) is 0,84, polyTh (10) is 4,01, polyTh (20) 

is 1,44, polyA (20) is 9,0. In addition to this, polyG (10), polyG (20) and polyA (10) did 

not form complex with PT1 and no spectral change observed during titrations. Also, the 

intensity ratio of PT1-dsAT (20)/ PT1-dsAT (10) is 2,11 with a 16 nm shift of isosbestic 

point. Fluorescence spectra of 10 bases long homosequences shows that unique quencher 

behaviour with cationic polythiophene. 

Characterization of unmethylated and methylated sequences were performed 

with using PT3. Increment of homopyrimidine ratio in heterosequences corresponds the 

aggregation. Complementary-2 homopyrimidine ratio is 70% and aggregation observed 

with higher than 4,2 μg sample addition while the 5,52 μg sample addition required to 
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aggregation in unmethylated sequence which homopyrimidine ratio is 30%. Methylated 

sequence homopyrimidine ratio is also 30% but aggregation observed with higher than 

7,21 μg sample addition. This sample requirement differences originated from the methyl 

group at 5’ position of cytosine even unmethylated and methylated sequence consequence 

spectra are similar. SBC protocols applied to polyC (10) and control experiments were 

performed and showed the PT3-PolyC (10), PT3-PolyA (10), PT3-PolyU (10) and PT3-

dsAU complexes have a different spectral behaviour.  

Detection of DNA methylation have been accomplished by the proposal assay. 

Before and after SBC PT1-DNA titration curves shows the base content change in 

unmethylated sequence resulted the 15 nm isosbestic point shift while the isosbestic point 

shift in methylated sequence is 2 nm in UV-VIS region. Polymer absorbance maximum 

is decreased with the addition of dsDNA(Unmethylated/complementary-2) while there is 

no spectral change in longer wavelength. In the contrary, intensity change is observed in 

both polymer absorbance maximum and longer wavelength with addition of ssDNA 

(unmethylated and methylated sequence). Furthermore, same titration experiments 

repeated monitoring with fluorescence spectrophotometer to achieve fast time and 

sensitive analysis. The ratio of Io/I is equal to 1,16 for dsDNA and the ratio of Io/I is 1,65 

for unmethylated sequence while the Io/I ratio equal to 1,77 for methylated sequence. The 

amount of ssDNA used in calculation of Io/I ratio are 249,6 ng, 217,5 ng and 249,0 ng  

for unmethylated sequence, methylated sequence and dsDNA (Unmethylated sequence-

Complementart-2) respectively. The titration experiments of ssDNA and dsDNA repeated 

three times with a nearly 700 ng DNA samples. These titration experiments proved the 

general behaviour of ssDNA is higher than the 1,60 Io/I ratios while the behaviour of 

dsDNA lower than 1,40 Io/I ratio.  

In conclusion, new PCR free water soluble polythiophene based methodology 

has been developed to detect DNA methylation. This methodology used in detection of 

methylation in multiple tumor suppressor p16INK4A gene that including several types of 

cancer biomarker sequence. This methodology is usable for further investigation of 

different tumor suppressor genes such as BRCA1, p53 and PTEN. 
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