
 

 

 
 
 

CONJUGATED POLYMER AND OLIGOMER BASED 

NANOSENSORS 

 
 
 
 
 
 
 
 
 
 

WANG YUSONG 

(M. Eng.) 

 
 
 
 

 
 
 

A THESIS SUBMITTED 

FOR THE DEGREE OF DOCTOR OF PHILOSOPHY 

DEPARTMENT OF CHEMICAL AND BIOMOLECULAR ENGINEERING 

NATIONAL UNIVERSITY OF SINGAPORE 

2009 



Acknowledgements 

I 

ACKNOWLEDGEMENTS 

 
 
 
I would like to express my greatest appreciation to my supervisor, Dr. Liu Bin, for her 

support and guidance throughout the course of this research project. Her continuous 

guidance, constructive criticisms and insightful comments have helped me in getting my 

thesis in the present form. More importantly, her rigorous research methodology, 

objectivity and enthusiasm in scientific discovery will be a model for my future life and 

career. 

 

I wish to express my heartfelt thanks to all my colleagues in the research group, in 

particular, Ms Dishari Shudipto Konika, Mr. Pu Kanyi, Dr. Cai Liping, Dr. Wang Chun, 

Dr. Zhu Rui, Dr. Liu Xizhe, Dr. Wang Jing, Dr. Fang Zhen, Mr. Li Kai, Mr. Wang Long, 

Mr. Zhang Wei, Ms Zhan Ruoyu, Ms Wang Yanyan. I thank them for their valuable 

suggestions and stimulating discussions. I also thank all friends including: Dr. Zhang Yu, 

Mr. Xu Zhiyong, Dr. Xu Jing, Dr. Chang Yu, Dr. Wang Likui, Dr. Qing Weijie, Dr. 

Khew Shih Tak, Mr. Hu Zhongqiao, and other senior and peer students, who provide 

candid suggestions and research assistances while completing this project. 

 

I am indebted to the technical staff in the department of ChBE, especially Mr. Boey Kok 

Hong, Ms Lee Chai Keen, Mr. Chia Phai Ann, Mdm Li Xiang, Mr. Shang Zhenhua, Dr. 

Yuan Zeliang, Mr. Toh Keng Chee, and Mr. Han Guangjun. Their superb technical 

support and services are essential for the completion of this study. 



Acknowledgements 

II 

Special acknowledgements are also given to National University of Singapore for her 

financial support. 

 

Lastly, and most importantly, I would like to show my deepest gratitude to my family. 

Without their love, support, encouragement and understanding, this work could not have 

been completed successfully. To them I dedicate this thesis. 



Table of contents 

III 

TABLE OF CONTENTS 
 
 

ACKNOWLEDGEMENTS ................................................................................................. I 

TABLE OF CONTENTS .................................................................................................. III 

SUMMARY ...................................................................................................................... VI 

LIST OF TABLE ........................................................................................................... VIII 

LIST OF FIGURES .......................................................................................................... IX 

LIST OF SCHEMES...................................................................................................... XVI 

LIST OF ABBREVIATIONS ....................................................................................... XVII 

CHAPTER 1 INTRODUCTION .................................................................................. 1 
1.1 Background .................................................................................................... 1 
1.2 Objectives and scope of this study ................................................................. 4 

CHAPTER 2 LITERATURE REVIEW ....................................................................... 8 
2.1 Deoxyribonucleic acid (DNA) and its detection ............................................ 8 
2.2 Nanoparticle (NP)-based optical DNA detection ........................................ 13 
2.3 Conjugated polymer and oligomer based optical chemo/bioassays ............ 20 

2.3.1 Sensing mechanisms of conjugated polymer (CP) based chemo/bioassays 23 
2.3.2 Sensing formats of conjugated polymer based chemo/bioassays ................ 31 
2.3.3 Applications of conjugated polymer and oligomer based optical sensors ... 36 

CHAPTER 3 SYNTHESIS AND CHARACTERIZATION OF SILICA AND 
SILVER NANOPARTICLES ........................................................................................... 50 

3.1 Introduction .................................................................................................. 50 
3.2 Materials and methods ................................................................................. 52 

3.2.1 Preparation and characterization of silica nanoparticle ............................... 52 
3.2.2 Preparation and characterization of silver nanoparticle ............................... 53 

3.3 Results and discussion ................................................................................. 55 
3.3.1 Synthesis and characterization of silica nanoparticles ................................. 55 



Table of contents 

IV 

3.3.2 Synthesis and characterization of silver nanoparticles ................................ 57 
3.4 Conclusions .................................................................................................. 59 

CHAPTER 4 SILICA NANOPARTICLE-SUPPORTED DNA ASSAYS FOR 
OPTICAL SIGNAL AMPLIFICATION OF CONJUGATED POLYMER BASED 
FLUORESCENT SENSORS ............................................................................................ 60 

4.1 Introduction .................................................................................................. 60 
4.2 Materials and methods ................................................................................. 62 
4.3 Results and discussion ................................................................................. 65 

4.3.1 Strategy for the CP-assisted NP-supported DNA assay .............................. 65 
4.3.2 Synthesis and surface functionalization of silica nanoparticles ................... 67 
4.3.3 Signal amplification dependent on number of Fl-DNA per NP .................. 68 
4.3.4 Signal amplification comparison of hybridized Fl-DNA in the free state and 

NP-bound state ............................................................................................. 71 
4.3.5 Specific and sensitive DNA detection ......................................................... 73 

4.4 Conclusions .................................................................................................. 74 

CHAPTER 5 LABEL-FREE SINGLE-NUCLEOTIDE POLYMORPHISM (SNP) 
DETECTION USING A CATIONIC TETRAHEDRALFLUORENE AND SILICA 
NANOPARTICLES .......................................................................................................... 76 

5.1 Introduction .................................................................................................. 76 
5.2 Materials and methods ................................................................................. 80 
5.3 Results and discussion ................................................................................. 85 

5.3.1 Strategy for the label-free SNP DNA detection using a cationic 
tetrahedralfluorene and silica NPs ............................................................... 85 

5.3.2 Preparation of DNA immobilized silica nanoparticles ................................ 86 
5.3.3 Salt-wash assisted DNA detection using NP-DNA bioconjugate................ 87 
5.3.4 Optimization of ethidium bromide (EB) intercalation ................................. 88 
5.3.5 Spectrum overlap between the emission of the tetrahedralfluorene and the 

absorbance of EB ......................................................................................... 90 
5.3.6 FRET sensitized EB emission with different tetrahedralfluorene 

concentration ................................................................................................ 91 
5.3.7 Label-free SNP DNA assay with high signal amplification ........................ 92 

5.4 Conclusions .................................................................................................. 94 

CHAPTER 6 AMPLIFIED FLUORESCENCE TURN-ON ASSAY FOR 
MERCURY(II) DETECTION AND QUANTIFICATION BASED ON CONJUGATED 
POLYMER AND SILICA NANOPARTICLES .............................................................. 96 

6.1 Introduction .................................................................................................. 96 
6.2 Materials and methods ................................................................................. 99 
6.3 Results and discussion ............................................................................... 102 

6.3.1 Strategy for the fluorescence turn-on mercury(II) assay based on conjugated 
polymers and silica NPs ............................................................................. 102 

6.3.2 Preparation of hybridized DNA-NP bioconjugate ..................................... 104 



Table of contents 

V 

6.3.3 Fluorescence mercury(II) assay using the hybridized DNA-NPs .............. 104 
6.3.4 Conjugated polymer sensitized fluorescence mercury(II) detection ......... 107 
6.3.5 Fluorescence mercury(II) detection at [Hg2+]/[DNA duplex] = 3/1 .......... 109 

6.4 Conclusions ................................................................................................ 112 

CHAPTER 7 LAYER-BY-LAYER ASSEMBLY OF METAL-ENHANCED 
FLUORESCENCE (MEF) CONJUGATED POLYMER THIN FILMS FOR DNA 
DETECTION 114 

7.1 Introduction ................................................................................................ 114 
7.2 Materials and methods ............................................................................... 117 
7.3 Results and discussion ............................................................................... 122 

7.3.1 Strategy of layer-by-layer (LbL) preparation of MEF-PFBT substrate for 
DNA detection ........................................................................................... 122 

7.3.2 MEF-PFBT platform components ............................................................. 123 
7.3.3 Metal-enhanced fluorescence of PFBT with underlying Ag NP array ...... 125 
7.3.4 DNA detection based on MEF-PFBT platform ......................................... 130 

7.4 Conclusions ................................................................................................ 134 

CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS ............................. 135 
8.1 Conclusions ................................................................................................ 135 
8.2 Suggestions for future work ....................................................................... 139 

REFERENCES ............................................................................................................... 144 

APPENDIX I  LIST OF PUBLICATIONS .................................................................... 161 



Summary 

VI 

SUMMARY 
 
 
 
Highly sensitive and selective chemo/biodetection is a continuous demand in quantitative 

studies for biomedical research. In response to this demand, great efforts have been paid 

to develop convenient and effective detection systems compared with conventional 

radioactive/fluorescent dye assays. This Ph.D. study aims to develop fluorescent 

nanosensors based on conjugated polymer (CP)/oligomer and apply the developed 

platforms to highly sensitive and selective chemo/bioassays. The first major efforts were 

dedicated to silica nanoparticle (NP)-supported chemo/biosensing using CP/oligomer as a 

signal amplifier to enhance detection sensitivity and selectivity. Besides these, metal-

enhanced fluorescence (MEF) of CP was explored and applied to DNA assays for further 

enhancement of sensing capability.  

 

The initial study was to develop a strategy for silica NP-supported DNA assay with large 

signal amplification and high selectivity using CP as an optical signal amplifier. Single-

stranded DNA (ssDNA) immobilized silica NPs (~100 nm in diameter) were first 

prepared through a seed-mediated growth followed by triazine bioconjugation, and then 

used as nanoprobes to capture target DNA. The CP (PFP-2F) was used to amplify the 

signal of fluorescein (Fl) labelled target DNA through fluorescence resonance energy 

transfer (FRET). The optimized detection system amplified fluorescence signal over 110-

fold in real time, and allowed the detection of 10 pM target DNA as well as two-base 

mismatch discrimination. The assay was then developed for label-free single-nucleotide 

polymorphism (SNP) discrimination using ethidium bromide (EB) as the signal reporter. 
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VII 

A conjugated oligomer (tetrahedrafluorene) was selected as a signal amplifier for DNA 

intercalated EB in this study. The developed assay provided approximately 35-fold signal 

amplification with SNP selectivity. Thirdly, by modifying the NP-immobilized DNA 

probe, the assay is further extended from biosensing to chemical sensing for Hg2+. A 

sigmoidal working curve of Hg2+ was obtained with a detection limit of 0.1 µM, while a 

linear one was achieved with a detection limit of 5 nM via CP (PFP-2F) signal 

amplification. The use of CP (PFP-2F) significantly enhances the detection selectivity 

and reduces false-positive signals. The above first major efforts successfully 

demonstrated that homogeneous CP/oligomer-based FRET assay could be potentially 

transferred to NP-supported format with an improved sensing performance. 

 

In addition, metal-enhanced fluorescence (MEF) of CP (PFBT) was successfully 

demonstrated by exploiting substrates with underlying Ag NP array, and applied to DNA 

assay. Silver NPs (~75 nm in average with extinction maximum at ~440 nm) were first 

synthesized to prepare Ag NP arrays as PFBT support. That PFBT has two nearly equally 

intense absorption bands make it possible to identify the significant contribution of field 

enhancement to the overall distance-dependent MEF on Ag NP array surface. In addition, 

the Ag NP array amplified PFBT emission is further utilized to develop a sensing surface 

that in the presence of PNA probes provides selective detection of ssDNA with signal 

intensities that are higher than those obtained by use of PFBT alone. These findings open 

up new opportunities to improve the detection sensitivity of CP-based bioassays. Further 

tuning MEF substrate preparation and optimizing bioassay conditions could lead to more 

efficient DNA detection with high sensitivity and selectivity.  
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Chapter 1 
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CHAPTER 1  

INTRODUCTION 

 

 

1.1 Background 

Sensors such as chemical and biological sensors are devices that can deliver information 

on the presence of specific target in the concerned samples or environment 1-8. They play 

a critical role in a wide range of applications such as clinical diagnostics, environmental 

monitoring, and antiterrorism, and provide important information for medical research, 

human health, and safety of our living space. Chemical and biological sensing 

(chemo/biosensing) can be divided into optical detection and the non-optical such as 

electronical 2, electrochemical 3, and magnetic detection 4. Compared with non-optical 

sensors, the optical sensors have several advantages such as the possibility of remote 

monitoring, immunity to electromagnetic interference, and safe operation for explosive 

environments 5-7. 

 

Optical chemo/biosensing employs optical transduction techniques to yield analyte 

information. The most widely used techniques in optical sensors are fluorescence and 

absorption. Fluorescence chemo/biosensing is intrinsically more sensitive than 

absorption-based sensing techniques, and used more frequently 6,8. In general, fluorescent 

sensors may be divided into direct fluorescence sensors and reagent-mediated 
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fluorescence sensors. Direct fluorescence sensors detect the analyte via the intrinsic 

fluorescent property of the analyte, while reagent-mediated fluorescence sensors monitor 

the optical response of an intermediate agent (e.g. analyte-sensitive dye molecules) as the 

probe to detect the analyte 8.  

 

In the field of fluorescence chemo/biosensing, the optical principle has not changed 

greatly over the years. However, the sensing transduction platforms have changed 

significantly, which results in improved sensing performances 8. Effective 

chemo/biosensing requires high sensitivity, selectivity, and ease of operation. These 

demands have driven the evolution of fluorescence chemo/biosensing platform from the 

use of traditional sensing materials (such as dye molecules) to numerous new ones with 

novel molecular structures (e.g. molecular beacon 9) and nanostructues (e.g. quantum dot 

10,11).  

 

Traditional sensing materials such as the conventional radioactive agent 12 and organic 

fluorescent dye are investigated broadly 12,13. However, long-term exposure to radioactive 

agent is known to induce cancer or other diseases for human being, and many organic 

fluorescent dyes have not been fully tested in terms of safety issue, which pose a potential 

threat to human health. On the other hand, new sensing materials constructed at the 

molecular and nanostructure scale have recently emerged in academic literatures. The 

molecular approach to develop novel sensing materials is effective in many cases such as 

the development of peptide nucleic acid (PNA)14, molecular beacon (MB) 9, aptamer 15,16, 

and autofluorescent protein 17. Nevertheless, more often, application of these probes in 

chemo/bioassay faces some challenges such as requirements of complex labelling and 



Chapter 1 

3 

additional instrumentation, which incite higher levels of complexity and cost. Meanwhile, 

sensing materials with nanostructure features have been quickly developed, e.g. quantum 

dot (QD)-based probe 10,11 and Au nanoparticle (NP)-based probe 18. These nanoprobe-

based detection systems can be highly specific and extremely sensitive when combined 

with appropriate signal transduction and amplification mechanisms, e.g. QD-encoded 

sensor 19, Au NP nanosensor with surface-enhanced Raman scattering (SERS) 20, dye-

doped silica NP nanosensor 21, and metal-enhanced fluorescence (MEF) nanosensor 22-24. 

These nanosensors are promising but have not been fully developed. For instance, the 

toxicity remains an issue for QD-based sensors. The limitation of the above detection 

systems poses a challenge for their practical implementation in research and 

medical/environmental application. 

 

An alternative is to use fluorescent conjugated polymers for chemo/biosensing with 

improved performances 25,26. Conjugated polymers (CPs) are macromolecules that 

contain π-delocalized backbones. Their large absorption cross section and delocalized 

electronic structure allow efficient light-harvesting and rapid intra- and interchain exciton 

migration. This results in huge fluorescent signal amplification upon molecular-

recognition events, and imparts the CP-based sensor high sensitivity, which offers a key 

advantage over small molecule counterparts 25-30. In addition, compared with other 

methods employed to enhance fluorescent detection sensitivity, such as the use of 

superquenchers-labelled molecular beacon 38 and dye-doped silica NP probe 21, CP-based 

chemo/biosensing systems do not require complicated probe labelling or tailored 

instrumentations and should be adaptable to many standard fluorescent assays. On the 
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other hand, as the analogs of CPs but with fewer repeat units, most conjugated oligomers 

exhibit similar properties as their polymeric counterparts. These properties and 

advantages enable CP/oligomer based chemo/biosensors to have a variety of applications 

such as ion detection 26 and nucleic acid detection 26-28. Nevertheless, chemo/biosensing 

based on CPs/oligomers still faces some challenges. For instance, more often, 

CPs/oligomers-based sensing is conducted in homogeneous solution. This can be 

complicated by non-specific interactions and result in poor detection selectivity 25,26. 

Besides selectivity concern, sensitivity matters. To get higher fluorophore signal intensity, 

MEF has been reported for a variety of small fluorophores 22-24, but few on large 

flurophores such as CP. The introduction of CP MEF in conjunction of CP signal 

amplification would potentially enormously enhance the reporter signals for higher 

detection sensitivity. Combining these considerations, new types of chemo/biosensing 

based on CPs/oligomers are highly desirable as so to circumvent the above problems and 

improve sensing performance. 

 

1.2 Objectives and scope of this study 

This study aims to develop fluorescent nanosensors based on conjugated polymer and 

oligomer, and apply the developed platforms to highly sensitive and selective 

chemo/bioassays. The scope of the research includes developing silica nanoparticle (NP)-

supported detection strategies using conjugated polymers/oligomers as optical signal 

amplifiers, and applying these strategies to sensitive and selective detection of DNA and 

mercury(II). Meanwhile, by exploiting silver NP arrays as supporting substrates, metal-
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enhanced fluorescence (MEF) of conjugated polymer is explored and applied to DNA 

assay. More specifically, the objectives and activities of this study are: 

 

1. To develop a silica NP-supported detection strategy using cationic CPs (PFP-2F, 

poly[9,9’-bis(6’’-N,N,N-trimethylammonium)-hexyl)fluorene-co-alt-2,5-difluoro-1,4-

phenylene) dibromide]) as fluorescence signal amplifiers, and apply this strategy to 

sensitive and selective DNA detection. DNA immobilized silica NPs (~100 nm in 

diameter) were first prepared after a seed-mediated growth and triazine 

bioconjugation. The obtained DNA-NP bioconjugates were then used as nanoprobes 

to capture fluorescein (Fl)-labelled DNA (Fl-DNA). Addition of PFP-2F generated an 

amplified signal of Fl-DNA while introduction of salt wash facilitated detection 

selectivity improvement. Experimental conditions were optimized, such as Fl-DNA 

surface coverage on silica NP and its effect on PFP-2F amplification. 

 

2. To conduct label-free single-nucleotide polymorphism (SNP) discrimination using 

DNA-NP nanoprobes and conjugated oligomers (tetrahedralfluorene, tetrakis[4-(2-

(9,9,9',9'-tetrakis(N,N,N-trimethylammoniumhexyl)-7,2'-bifluorenyl))-

phenyl]methane hexadecanebromide) as signal amplifiers. Ethidium bromide (EB) 

was used as signal reporter on the hybridized DNA-NP surface, and the 

tetrahedrafluorene was selected to amplify DNA-intercalated EB emission. Salt-wash 

was used to assist detection selectivity improvement. Experiments for the detection 

were optimized, such as EB intercalation on hybridized DNA-NP surface and the 

subsequent tetrahedralfluorene complexation. 
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3. To develop highly sensitive and selective mercury(II) assay using DNA-NP 

nanoprobes and cationic PFP-2F as the optical signal amplifier. Mercury-specific 

DNA was first immobilized onto the silica NP surface. Employing a CP-assisted and 

silica NP-supported detection strategy, the amplified fluorescence turn-on assay for 

mercury(II) was conducted. Thermal washing was used to facilitate discrimination of 

mercury(II) from non-specific ions. Various parameters in this assay were studied, 

such as metal ion concentration and the ratio of Hg2+ to the Hg2+-specific DNA duplex. 

 

4. To investigate the feasibility of metal-enhanced fluorescence (MEF) of fluorescent CP 

(PFBT, poly[9,9-bis(9-N,N,N-trimethylammonium)ethoxy)ethoxy)ethyl)fluorene-alt-

(4,7-(2,1,3-benzothiadiazole)dibromide)]) film, and apply the developed MEF 

substrate to DNA detection. Silver NPs (~75 nm in average) were prepared and self-

assembled onto glass slides to form silver NP arrays. Through layer-by-layer (LbL) 

assembly, varied proximity of the PFBT from the Ag NP array surface was fine tuned 

using none-fluorescent poly(diallyldimethyl ammonium chloride) (PDDA) and 

poly(sodium 4-styrenesulfonate) (PSS) as spacers. Various parameters affecting 

PFBT fluorescence in the above system were studied, such as spacer distance and 

excitation wavelength. The developed Ag NP array-PFBT substrates were further 

employed for DNA detection using Cy5-labelled peptide nucleic acid as the probe. 

 

The original contributions of this research include two parts: 1) development of probe-

immobilized silica NP as a unique platform to enhance CP-based homogeneous solution 

sensing performance, particularly on detection selectivity and signal amplification for 

higher sensitivity. First, as a solid-state sensing platform, silica NP can help us minimize 
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non-specific interactions through separation by centrifugation of the NP probe-target 

complex out of interfering medium. This produces a favorable environment for CP-based 

assay in terms of selectivity improvement. Furthermore, we first explored fluorescence 

resonance energy transfer (FRET) signal amplification by CP on silica NP surface, which 

expands our understanding of CP fluorescence behavior in NP-confined space toward 

large FRET signal amplification for higher detection sensitivity. On top of that, this study 

successfully demonstrated that homogeneous CP/oligomer-based assay could be 

potentially transferred to NP-supported format with an improved sensing performance, 

with the practical applications including the detection of DNA SNP and mercury(II) 

assay. 2) Demonstration of metal enhanced fluorescence (MEF) of CP on silver NP array 

surface, which deepens the understanding of CP photophysics when interfacing 

plasmonic Ag nanostructure. Furthermore, the developed MEF-PFBT substrate was 

successfully applied to the DNA assay with an improved performance, which represents 

the first report on the application of MEF-CP substrate. These findings open up new 

opportunities to improve the detection sensitivity of CP-based bioassays. In addition, the 

silver NP array enhanced excitation and fluorescence of conjugated polymers should find 

other applications in organic electronic devices besides the demonstrated biosensing. 
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CHAPTER 2  

LITERATURE REVIEW 

 

 

In this chapter, a literature survey of deoxyribonucleic acid (DNA), nanoparticles, and 

conjugated polymer and oligomer based sensors is presented. The function and structure 

of DNA and its detection are described firstly. Then, the NP-based optical detection of 

DNA is discussed. Finally, recent advance of chemo/bioassays based on fluorescent 

conjugated polymers and oligomers is reviewed. 

 
 

2.1 Deoxyribonucleic acid (DNA) and its detection 

Deoxyribonucleic acid (DNA) is a nucleic acid that contains the genetic instructions for 

the development and function of living organism 31-33. It is composed of four types of 

bases including Adenine (A), Guanine (G), Thymine (T), and Cytosine (C) (structure 

shown in Figure 2.1), which are held together by a backbone made of sugars and 

phosphate groups while the sequence of these four bases encode genetic information 32-33. 

Meanwhile, DNA is very important for protein synthesis, and it is the direct connection 

between genetic features and protein expression 31-33. Due to its role in gene carrier and 

protein synthesis, the detection and analysis of DNA is of vital importance. The efforts in 

the research on DNA will help us better understand the gene mutation, diseases at the 

molecular level, and finally find personalized medicine.  
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Figure 2.1 Chemical structures of the nucleobases including Adenine (A), Guanine (G), 
Thymine (T), and Cytosine (C) 33. 
 

Moreover, DNA possesses the unique structure of double helix (see Figure 2.2), which 

make them stable in the biological system. The mechanism of the double helix formation, 

which is called base paring, can be used to develop versatile molecular probes (e.g. PNA, 

MB) for DNA detection or heavy metal ion detection 31, and even assembly nanostructure 

materials for novel application 34. 

 

 
Figure 2.2 Double-helical DNA: a linear molecule formed by Watson–Crick base-pairing 
(G-C and A-T), 2 nm in thickness, and ~0.34 nm per base pair in the DNA fragment 
structure 35.  
 

Traditional sensing materials for DNA detection include conventional radioactive agent 12 

and organic fluorescent dye 13.  However, long-term exposure to radioactive agent is 

known to induce cancer or other diseases for human being. Meanwhile, many organic 

fluorescent dyes have not been fully tested either in animals or human being, which pose 

a potential threat to human health. 
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In the meanwhile, chemo/biosensing materials constructed at the molecular level have 

recently emerged in the literature. This type of probes is typically represented by peptide 

nucleic acid (PNA), molecular beacon (MB) 9, and aptamer 15,16. 

 

Peptide nucleic acid (PNA) is a DNA analogue, which has the structure similar to DNA 

molecule. In contrast to the sugar-phosphate backbone of DNA, PNA backbone is 

composed of repeating N-(2-aminoethyl)-glycine units, where the nucleobases are linked 

to the backbone by methylene carbonyl bonds (see Figure 2.3) 14,36. In terms of 

chemo/biosensing, PNA have several advantages such as: 1. stronger binding between 

PNA/DNA strands than that between DNA/DNA strands due to the lack of electrostatic 

repulsion; 2. greater specificity to complementary DNA; 3. stability over a wide pH range. 

Nevertheless, PNA is more expensive relative to traditional DNA in current market. 

 
Figure 2.3 Schematic illustration of peptide nucleic acid (PNA) structure 36.  
 

Molecular beacon (MB) is another type of the molecular probe since the first report in 

1996 9. The principle of MB-based detection is shown in Figure 2.4 37. At the beginning, 

a stem–loop MB structure holds the fluorophore and the quencher in close proximity to 
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one another, resulting in weak fluorescence signal. Upon binding with target molecules, 

the fluorophore in the MB will be separated from the quencher, resulting in an enhanced 

fluorescence 37. However, this molecular sensing material introduces a high fluorescence 

background and affects the accuracy in signal readout. Concerning this point, 

superquenchers-labelled molecular beacon was further developed 38, which can reduce 

the background signal to some extent.  

 

 

Figure 2.4 Structural characteristics of molecular beacon probes: (a) A typical molecular 
beacon DNA probe; (b) Molecular beacon working principle 37. 
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More recently, another kind of molecular probe, aptamer from SELEX (selective 

evolution of ligands by exponential enrichment) has been developed 15,16. Aptamers are 

DNA or RNA molecule which has been artificially manipulated to allow binding with 

other specific molecular targets, such as a protein. A typical detection using this 

molecular probe is reported by Yang et.al.39. The aptamer-based assay scheme is shown 

in Figure 2.5. A specific binding of aptamer to its target protein, platelet-derived growth 

factor (PDGF), changes the aptamer conformation. This brings the two labelled pyrene 

molecules into close proximity to form an excimer, resulting in a change of fluorescence 

wavelength from ~400 nm (pyrene monomer) to 485 nm (pyrene excimer). In this report, 

the authors further coupled the light-switching detection with time-resolved 

measurements, which minimized background signal from the probe and the multiple 

species in the biological environment. This developed strategy enables a detection of 

picomolar target in a few seconds, and avoids a sample clean-up process.  

 
Figure 2.5 Schematic illustration of an aptamer-based detection for the target protein, 
platelet-derived growth factor (PDGF) 39.  
 

The above developed molecular probes (e.g. PNA, molecular beacon and aptamer) bear 

some intrinsic advantages compared with traditional DNA, and procure proper positions 

in chemo/bioassay. However, more often, application of these probes in chemo/bioassay 
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faces some challenges such as expensive cost, requirement of complex labelling 38 or 

additional instrumentation 39. 

 

2.2 Nanoparticle (NP)-based optical DNA detection  

 
On the other hand, chemo/bioassays based on nanoparticles, or nanosensors, have 

recently appeared in literature with significant volumes and shown promising application 

in biological research and medicine. This type of NP-based optical sensor can be highly 

specific and extremely sensitive when combined with appropriate signal transduction and 

amplification mechanisms. In the following section, we review some novel NP-based 

optical DNA detection, mainly focusing on QD-encoded sensor 19, Au NP nanosensor 20, 

dye-doped silica NP nanosensor 40, magnetic assisted biobar-code nanosensor 41, and 

MEF nanosensor for DNA detection 22,23. 

 

QD-encoded sensor for DNA detection 

Semiconductor nanocrystal quantum dots (QD) as sensitive biological labels are potential 

candidates for replacing conventional fluorescent markers in bioassays 10,11,42,43. This type 

of nanoprobes has several advantages such as: 1. broad excitation spectra; 2. intensely 

bright, narrow, and size-tunable fluorescence emission spectra, spanning from ultraviolet 

to near infrared (NIR); 3.and high resistance against photobleaching 19,42-44. To apply this 

new type of probes to DNA assays, Nie and co-workers developed QD-tagged beads for 

multiplex DNA detection 19. In this study, different-sized QDs (zinc sulfide–capped 

cadmium selenide nanocrystals) were encapsulated into polystyrene beads at precisely 
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controlled ratios, producing variable emission signals. As shown from DNA assay in 

Figure 2.6, the optical properties enable triple-color QD encoded beads suitable for 

wavelength-and-intensity multiplexing. Note that the combination of 10 intensity levels 

and 6 colors could theoretically code one million different DNA sequences. The DNA 

hybridization results show that the coding and target signals can be simultaneously read 

at the single-bead level.  

 
Figure 2.6 Schematic illustration of DNA hybridization assays using QD-tagged beads. 
Probe oligos (No. 1–4) were conjugated to the beads by crosslinking, and target oligos 
(No. 1–4) were detected with a blue fluorescent dye such as Cascade Blue. After 
hybridization, nonspecific molecules and excess reagents were removed by washing. For 
multiplexed assays, the oligo lengths and sequences were optimized so that all probes had 
similar melting temperatures (Tm = 66o–99oC) and hybridization kinetics (30 min) 19. 
 

Au NP nanosensor with surface-enhanced Raman scattering (SERS) 

Another important NP-based detection is the Au NP nanosensor 18,20,45. Mirkin and 

coworker developed a series of bioassay methods derived from gold NP, e.g. Raman 
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optical detection 20, electrical and electrochemical detection 45. Figure 2.7 shows a typical 

DNA detection using surface enhance Raman scattering based on Au NP 20. In this study, 

13-nm-diameter Au particles were functionalized with Raman dye-labelled 

oligonucleotides and used as the DNA probes. Followed a sandwich-structured DNA 

recognition, Raman spectroscopic fingerprint of the target was identified after Ag 

enhancing by scanning Raman spectroscopy. This chip-based format enables multiplexed 

detection of oligonucleotide, and provides high sensitivity with a detection limit of 20 

femtomolar 2 besides high selectivity. 

 
Figure 2.7 Gold NP functionalized with oligonucleotides and Raman labels, coupled with 
surface-enhanced Raman scattering (SERS) spectroscopy, for performing multiplexed 
detection of oligonucleotide targets 20. 
 

Magnetic assisted biobar-code nanosensor 

Based on the above detection platform, Mirkin and coworkers recently reported a ‘bio-

bar-code amplification’ for DNA detection with high sensitivity 41. This assay relies on 

two-component DNA-modified gold NPs and single-component DNA-modified magnetic 
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microparticles (MMPs), and a chip-based detection of bar-code DNA. As shown in 

Figure 2.8B, target DNA is first recognized by a sandwich recognition using DNA-

funtionalized MMP and gold NP probes.  After magnetic separation and dehybridization, 

free bar-code DNA was collected and applied to a chip-based DNA detection system. 

This developed detection platform provides high selectivity and a sensitivity with very 

low detection limit down to 500 zeptomolar without the need for enzymatic amplification. 

In addition, this system has an excellent dynamic range and is ideal for multiplexing. 

 

 
 
Figure 2.8 The magnetic microparticle (MMP)-assisted biobar-code DNA assay. (A) 
Nanoparticle and MMP probe preparation. (B) Nanoparticle-based DNA amplification 
scheme for anthrax DNA detection with 500 zeptomolar detection limit 41. 



Chapter 2 

17 

Dye-doped Silica NP nanosensor 

Fluorescent dye doped silica NPs have been used for chip-based sandwich DNA 

detection 40. As shown in Figure 2.9, the captured DNA is first immobilized onto a glass 

surface and hybridized with unlabelled target DNA complementary to both capture DNA 

and probe DNA sequences. After addition of probe DNA modified dye-doped silica NPs, 

each pre-captured target DNA hybridizes with each probe DNA, which thus fixes 

corresponding dye-doped NP to the surface, and brings many dye molecules for signaling. 

Through monitoring fluorescence intensity or counting fluorescent spots from the 

surface-bound dye-doped NPs, DNA target molecules have been detected down to 

subpicomolar levels. In addition, discrimination of DNA single-base mismatch has also 

been demonstrated 40.  

 

 
Figure 2.9 Schematic illustration of a sandwich DNA assay based on bioconjugated silica 
nanoparticles 40.  
 

MEF nanosensor for DNA detection.  

Metal-enhanced fluorescence (MEF), constructed on metallic nanostructures, is a 

relatively new technique that can be used to increase the sensitivity of fluorescent sensors 

22-24. MEF reflects the interactions of the excited-state fluorophores with surface plasmon 

electrons in the metallic nanostructures such as silver 46,47, gold 48,49, and alumina 50, 



Chapter 2 

18 

which in turn produces different effects on the fluorophores 22-24. The overall 

fluorescence enhancement or quenching for a given system depends on the relative 

contributions among excitation rate enhancement, emission enhancement (radiative decay 

enhancement) and quenching (nonradiative decay enhancement) 22-24,51,52. These 

contribution factors are sensitive to various parameters such as the spectral properties of 

both fluorophores and metal nanoparticles (NPs) 53, the distance between fluorophores 

and metal NPs 54,55, and the orientation of fluorophores relative to metal NPs 55. 

 

   
Figure 2.10 (A) Schematic illustration of the DNA oligomers bound to silver particles; (B) 
The time-dependent hybridization of ss Fl-DNA to ss DNA-SH 56. 
 

One successful example using MEF for DNA detection is the report from Malicka and 

coworkers in 2003 56. As shown in Figure 2.10 (A), the thiolated ssDNA (DNA-SH) as 

the capture probe was first immobilize onto the silver particles surface in this study. A 

fluorometer was then used to monitor the real-time hybridization in the sample cell upon 

the addition of fluorescein labelled ssDNA (Fl-DNA), in a similar amount to that of 

silver-bound capture ssDNA. The fluorescence intensity increases immediately upon 

mixing as shown in Figure 2.10 (B). After ~20 min, the fluorescence signal approaches to 
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a plateau with ~12-fold enhancement relative the beginning. In the control experiments, 

ssDNA-SH was hybridized with ss Fl-DNA first, which is followed by deposition on 

silver particles. This results in a similar 12-fold increase in intensity upon immobilization 

on silver particles, relative to that of an equivalent amount of ds Fl-DNA-SH in solution. 

The authors ascribe this fluorescence enhancement to the localization of ss Fl-DNA near 

to the silver particles by hybridization with the capture DNA. 

 

Employing a similar approach, Ginger and coworkers investigate the fluorescence from 

dyes near to silver nanoprisms 53. With the aid of the single-particle darkfield scattering 

and fluorescence microscopy, the MEF with single nanopaticle resolution was studied 

after coupling the dyes to DNA functionalized metal nanoprisms as shown in Figure 2.11 

The results show that, for dyes with ~5.5 nm thick DNA layers from silver surface, the 

brightest fluorescence is usually obtained near NPs with local surface plasmon resonance 

(LSPR) peaks that are only slightly blue shifted from the dye emission peak. This finding 

provides important information for those studies applying metal-enhanced fluorescence 

in biosensing. 

 
Figure 2.11 Schematic illustration of creating dye-functionalized silver nanoprisms using 
DNA as a structural linker 53. 
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Besides the above NP-based optical DNA detection, other NP-based 

methods/mechanisms have also been developed, such as integration of nanosensor into 

established platform 57 as well as a combinational setup 58,59. With further exploration and 

understanding of nanomaterials, NP-based optical DNA assay will make a fast and great 

progress. 

 

 

2.3 Conjugated polymer and oligomer based optical chemo/bioassays 

 
Figure 2.12 Backbone structures of some common conjugated polymers in 
chemo/bioassays. 
 

Conjugated polymers are macromolecules that contain π-delocalized backbones. 

Traditional polymeric materials are most regarded as insulators 60,61. However, the 

discovery of conducting polymers has bridged traditional insulating polymers with those 

of conducting or semiconducting materials 62,63. The new materials are attractive for their 

favorable electronic properties, exceptional optical characteristics, and the processability 

of polymers 61-63. These unique properties stimulated intense research interests from both 



Chapter 2 

21 

industrial and academic fields, and a wide range of applications using conjugated 

polymers has been explored, such as polymer light-emitting diodes (PLED) 64,65, field-

effect transistors (FETs) 66,67, light-emitting electrochemical cells (LECs) 68,69, plastic 

lasers 70, solar cells 71, and chemo/biosensors 25,26. 

 

The interest of applying CPs to chemo/biosensing partly comes from CP unique 

molecular structure suitable for highly sensitive detection 25,26. Figure 2.12 shows the 

backbone structures of some commonly used CPs in chemo/biosensing, including 

poly(para-phenylene vinylene) (PPV) 64, poly(para-phenylene ethynylene) (PPE) 72, 

poly(thiophene) (PT) 73, and polyfluorene (PF) 74. These conjugated polymers have large 

absorption cross section and delocalized electronic structures, which allow efficient 

optical response and rapid intra- and interchain exciton migration. This results in huge 

signal amplification upon molecular recognition events, and imparts the CP-based sensor 

higher detection sensitivity relative to small molecule counterparts 25-30. In addition, 

compared with other methods employed to enhance detection sensitivity, such as the use 

of superquenchers-labelled molecular beacon 38 and dye-doped silica NP probe 21,40, CP-

based chemo/biosensing systems do not require complicated probe labelling or tailored 

instrumentations and should be adaptable to many standard assays. On the other hand, as 

the analogs of CPs but with fewer repeat units, most conjugated oligomers exhibit similar 

properties as their polymeric counterparts. These properties and advantages enable 

CP/oligomer based chemo/biosensors to have a variety of applications such as ion 

detection 26 and nucleic acid detection 26-28. Based on the type of detection signal, 
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CP/oligomer based chemo/biosensing can be divided into optical detection 26,28 and non-

optical one such as electrochemical detection 75. 

 

Conjugated polymer and oligomer based optical detection typically includes colorimetric 

and fluorescent methods 26. In a colorimetric assay, color change occurs in the presence 

of target, which may preclude the need for analytical instruments but is restricted by the 

detection sensitivity. In contrast, the fluorescent detection is intrinsically more sensitive 

than the colorimetric one and has been widely used. For most of conjugated polymer and 

oligomer based fluorescent sensors, the fluorescence can be either enhanced (turn-on 

approach) or quenched (turn-off approach) in the event of target recognition 26. The turn-

on or turn-off approaches can be realized through several mechanisms such as 

superquenching mechanism, fluorescence resonance energy transfer (FRET) and 

conformation change mechanism 27,28,76. Note that these different mechanisms are not 

exclusive to each other, and some developed detection systems actually employ more 

than one of them in a single assay 26,27. In this review part, we will first describe the 

sensing mechanisms including superquenching, FRET and conformation change 

mechanism, and then discuss the sensing formats including homogeneous, heterogeneous, 

and particle-supported formats. Lastly, conjugated polymer and oligomer based optical 

detection of different analytes will be addressed. 
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2.3.1 Sensing mechanisms of conjugated polymer (CP) based 

chemo/bioassays 

This section reviews some chemo/biosensing mechanisms based on fluorescent 

conjugated polymers/oligomers, mainly focusing on superquenching mechanism, 

fluorescence resonance energy transfer mechanism, and conformation change mechanism.  

 

Superquenching mechanism 

 
Figure 2.13 Generation of fluorescence using a simplified Jablonski diagram 247. 
 

For conjugated polymer/oligomer based chemo/biosensing, fluorescence quenching refers 

to any process which decreases the fluorescence intensity/lifetime of a given substance, 

and the specie that causes the quenching process is called a quencher. Figure 2.13 shows 

fluorescence generation through a simplified Jablonski diagram 247. Upon absorption of 

photons, a fluorophore (F) is excited to singlet excited electronic state (S1) and form an 

excited fluorophore (F*). The fluorescence is generated when F* relaxes to ground 

electronic state (S0) via photon emission. However, F* could return to the ground state 

by various competing pathways such as fluorescence quenching through interaction of 

F/F* with a quencher. These interactions include excited-state interaction, molecular 
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rearrangement, energy transfer, charge transfer, ground-state complex formation and 

dynamic collision, which follow non-radiative pathways against photon emission 247. 

Superquenching may happen for CP, and this is attributed to a combination of two effects: 

strong association between the oppositely charged polyelectrolyte and quencher, and the 

rapid exciton migration along the polymer chain until quenching occurs at a ‘trap site’ 76. 

 

Superquenching was first reported for CP-based biosensor by Whitten and coworkers in 

1999 77. In a typical assay, a quencher-tether-ligand (QTL) conjugate is synthesized by 

connecting a quencher to a ligand. The superquenching behavior of CP is modulated by 

addition of analytes capable of binding the ligands. Figure 2.15 shows the detection 

scheme for specific biotin–avidin binding event using water-soluble polyanionic CP 1 

(structure shown in Figure 2.14). At the beginning, methyl viologen (MV2+) was linked to 

the biotin (B) molecule to form a QTL probe, which quenches the fluorescence of CP 1 

by a charge transfer through electrostatic interactions. Upon addition of avidin into the 

solution of the polymer and quencher, the fluorescence turn-on response of the solution 

occurs. This fluorescence recovery is attributed to binding of the QTL probe by avidin, 

which pulls away the QTL from the CP 1 and prevents the close association of quencher 

with polymer. Using the method developed by Whitten and coworkers, the detection limit 

of the avidin protein reached a nanomolar level. This superquenching-based CP sensing 

design has subsequently led to the sensitive detection of a variety of targets such as DNA, 

antibodies and enzymes 76. However, further studies on the same systems by Bazan and 

coworkers have suggested that the fluorescence increase is partially due to the formation 
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of the avidin-CP 1 complex by non-specific interaction, which shields the CP 1 from the 

quencher 78.  

 

 
Figure 2.14 Molecular structure of CP 1 in superquenching-based avidin assay 77. 
 

 

 

Figure 2.15 Schematic illustration of avidin detection using CP 1 based on 
superquenching mechanism 77. 
 

Fluorescence resonance energy transfer mechanism 

Förster resonance energy transfer (FRET), also known as fluorescence resonance energy 

transfer, describes the long-range dipole-dipole interaction between the electronic excited 

states of two chromophores in which the excitation of a donor chromophore results in 

emission from the acceptor chromophore 26. CPs are excellent donor candidates for FRET. 
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Their large absorption cross section and π-delocalized structure allow efficient light-

harvesting and rapid intra- and interchain fluorescence resonance energy transfer. This 

generates huge signal amplification of the acceptor chromophore upon molecular-

recognition events, and imparts the CP-based sensor higher sensitivity relative to that 

based on small molecule 25,28-30.  

 

The efficiency of FRET using CP follows Förster theory, a quantitative theory developed 

by Theodor Förster which assumes the energy transfer occurs through dipole-dipole 

interactions of donor and acceptor. According to Förster theory 79, for donor and acceptor 

separated by a distance ( DAr ), the rate of FRET ( FRETk ) could be simplified as the 

following relationship: 

        )(1 2
6 λκ J

r
k

DA
FRET ∝                                                     (1) 

Where,  

κ is the orientation factor, andκ 2 is usually assumed to be equal to 2/3; 

)(λJ  is the overlap integral, expresses the spectral overlap of the donor emission and the 

acceptor absorption, and has the unit of M-1·cm-1·nm4 when λ has the unit of nm; 

DAr is the distance between donor and acceptor, and can has the unit of Å; 

FRETk  is the FRET rate, and can has the unit of s-1. 
 

Therefore, the FRET efficiency is dependent on the distance between the CP and acceptor, 

orientation of the acceptor relative to the CP, as well as the spectral overlap between the 

emission of the CP and the absorption of the acceptor. Modulation of various parameters 
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shown in Förster equation by different experimental conditions provides a viable means 

for signal generation.  

 

On the other hand, FRET can be competed by photoinduced charge transfer (PCT), a 

charge transfer which occurs when certain photoactive materials interact with light. 

Figure 2.16 show a simplified illustration of two situations (FRET and PCT) that may 

occur upon donor excitation. When the highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO) energy levels of the acceptor are located 

within the donor's orbital energy levels as in Situation A (Figure 2.16), excitation of the 

donor leads to FRET energy transfer from the donor to the acceptor, resulting in photon 

emission from the acceptor with sufficiently large quantum yield. However, if the 

acceptor's energy levels are not within the orbital energies of the donor as in Situation B 

(Figure 2.16), donor excitation would lead to PCT to the acceptor. This charge transfer 

process is detrimental to FRET assay, and leads to the decrease of the acceptor 

chromophore’s signal output 80.  

  
Figure 2.16 Effect of relative orbital energy levels on fluorescence resonance energy 
transfer (FRET) vs. photoinduced charge transfer (PCT) preferences 80. 
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To get better FRET efficiency, besides the concern on Förster theory, careful attention 

needs to be paid to the orbital energy levels, the molecular structure of the CP, and 

fluorescence quenching of the donor/acceptor within the FRET pair complex 81,82. More 

detail will be discussed in a subsequent application section based on this mechanism. 

 

As a typical example of FRET using CP, we describe the DNA assay scheme pioneered 

by Bazan and coworker in 2002 83. The developed assay contains three components, 

namely, a cationic poly(fluorene-co-phenylene) (CP 2, structure shown in Figure 2.17), a 

probe peptide nucleic acid (PNA) labelled at the 5’ end with a chromophore (C*, 

fluorescein), and the target DNA strand. At the initial status, the neural PNA -C* displays 

no electrostatic interaction with the CP 2, and the average distance between them is too 

large for effective FRET. As shown in Figure 2.18, introduction to the PNA-C*/CP 2 

solution of a complementary DNA, yields the PNA-C*/ssDNA duplex which features a 

negative charge and favorable electrostatic interaction with CP 2. This results in a 

decreased distance between DNA-PNA-C* and CP 2, allows for FRET from the CP 2 to 

the signaling C*. On the contrary, when a non-complementary ssDNA is added, 

complexation between CP 2 and the probe PNA-C* does not occur, and no electrostatic 

binding between CP 2 and PNA-C*. This results in large average distance between CP 2 

and the signaling C*, and leads to less effective FRET. Using this FRET-based DNA 

assay, differentiation of complementary and noncomplementary ssDNA and a detection 

limit of 10 picomolar 58 has been demonstrated. This FRET-based CP sensing design has 

subsequently led to the sensitive detection of a variety of targets such as RNA 84, protein 

85-87, potassium ion 88.  
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Figure 2.17 Molecular structure of CP 2 in FRET-based DNA assay 83.  

 

Figure 2.18 Schematic illustration of the PNA-C*/CP 2 assay to detect a complementary 
ssDNA sequence based on FRET mechanism 83. 
 

Conformation change mechanism  

The conformation change of the CP upon complexation with different analytes results in 

the changes of CP optical properties such as the absorbance and fluorescence 27,89. Based 

on this mechanism, several DNA or protein biosensors with high sensitivity have been 

developed using cationic poly(thiophene) derivatives 27. In compared with the 

superquenching or FRET-based sensing, conformation change-based sensing provides the 

advantage that it does not require either probe or analyte labeling.  
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As an example of conformation change-based assay using CP, we describe the first report 

about DNA detection by Leclerc and coworkers in 2002 by applying a cationic PT 

derivative (CP 3, structure shown in Figure 2.19) 89. In this assay as shown Figure 2.20, 

the CP 3 adopts a random-coil conformation and exhibits a relatively short absorption 

wavelength (yellow aqueous solution, λ = 397 nm). Upon complexation with 20-base 

segment of ssDNA driven by electrostatic interactions, the equivalent CP 3 adopts a 

highly conjugated and planar conformation, and exhibits a relatively red-shifted 

absorption wavelength (red aqueous solution, λ = 527 nm) within 5 min of incubation. 

After the addition of a ssDNA complementary to the capture strand, the CP 3/dsDNA 

triplex forms, which enable the CP 3 to return the random-coil conformation and exhibits 

a relatively short absorption wavelength (yellow aqueous solution, λ = 421 nm). This 

optical response during DNA hybridization can be monitored by absorption spectroscopy 

or just observed by ‘naked-eye’.  

 
Figure 2.19 Molecular structure of CP 3 in conformation change-based DNA assay 89.  
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Figure 2.20 Schematic illustration of the formation of a planar CP 3/ssDNA duplex and a 
helical CP 3/dsDNA triplex for DNA detection based on conformation change 
mechanism 89.  
 

 

2.3.2 Sensing formats of conjugated polymer based chemo/bioassays 

This section reviews some chemo/biosensing formats based on fluorescent conjugated 

polymers/oligomers, mainly focusing on homogeneous assays in solution, heterogeneous 

assays with a solid support, and CP-based solution assays supported by 

micro/nanoparticles. 

 

Homogeneous assays in solution  

More often, CP-based chemo/bioassays are conducted in homogeneous assays in solution. 

Compared with the assay format with a solid support, the major advantages of 

homogeneous assays in solution may include: 1) higher reaction/recognition activity; 2) 

ease of the operation 28. A typical example is the superquenching based detection for the 

avidin protein, which has already given in previous section, ‘Superquenching 
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mechanism’. However, homogeneous assays in solution based on CP superquenching can 

be complicated by other events that modulate the CP fluorescence, e.g. non-specific 

interactions with macromolecules such as proteins 76. 

 

Heterogeneous assays with a solid support 

The use of solid support for CP-based chemo/bioassays affords a means of controlling 

susceptibility to nonspecific interactions and opens the way to the development of 

practical sensing76. 

 

One successful example is the report using cationic conjugated polymers (CCPs) from 

Bazan and coworkers 90. The authors adopted a solid-state optical detection when the 

PNA immobilized surface becomes negatively charged upon single-stranded DNA 

(ssDNA) hybridization, leading to an electrostatic interaction with the CCP (CP 4, 

structure shown in Figure 2.21). After employing the heterogeneous assay as shown in 

Figure 2.22, more than one order of magnitude amplification was achieved in emission 

from a Cy5-labelled ssDNA (shown as ssDNA-C* in Figure 2.22). In addition, optical 

properties of CP 4 in solid state offer the additional label-free detection capability (Figure 

2.23), which may significantly simplify DNA detection methods currently requiring 

labelled probes or targets. Importantly, this bioassay could be easily incorporated into 

current fluorescence equipment or process, which should provide operational 

convenience and simplification as well as reduced costs in testing instrumentation. 
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Figure 2.21 Molecular structure of CP 4 in heterogeneous assay with a solid support 90.  
 

 
Figure 2.22. DNA assay through FRET on PNA microarray: hybridization of PNA (a) 
with ssDNA-C* resulting in an increase of negative charge at the surface (b), and 
electrostatic interactions resulting in CP 4 adsorption and leading to C* signal 
amplification through FRET (c) 90. 

 
Figure 2.23 Label-free DNA assay on PNA microarray: hybridization of PNA (a) with 
ssDNA resulting in an increase of negative charge at the surface (b), and electrostatic 
interactions resulting in adsorption of the CP 4 (c) 90.  
 

Similar strategies were developed for the electrochemical detection of DNA and protein 

by Leclerc and coworkers 86,92,93, and the detection of the vapor of dinitrotoluene by 

Whitten and coworkers 77. Kim and coworkers also developed a strategy to prepare CP-
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DNA hybrid chip via a light-directed on-chip oligonucleotide synthesis 94. Such 

approaches of incorporating CCPs into solid platforms provide the new option for high-

throughput genomics analysis and genetics diagnostics. However, there is a possibility of 

CP aggregation induced by the solid surface, which leads to CP fluorescence quenching 

76. In addition, recognition/reaction activity in a planar solid surface is poorer than that in 

the homogeneous solution. Finally, compared with homogeneous solution assays, 

heterogeneous solid-state assays often need a prolonged processing and supplementary 

facilities. 

 

Particle-supported format 

Considering the above disadvantages of homogeneous solution and heterogeneous solid 

detection formats, CP-based solution assays supported by micro/nanoparticles have been 

developed. This intermediate format between solution and solid ones is generally most 

practical for biosensing 76.  

 

Whitten and coworkers reported that several fluorescent polyelectrolytes can be readily 

transferred from aqueous solutions to solid supports without substantial quenching of 

their fluorescence 95. In this study, CP 5 (see Figure 2.24) can be coated onto commercial 

cationic polystyrene beads. Polystyrene-supported 5 is quenched by the conjugate of 

anthraquinone-2,6-disulfonate with biotin (AQ-B-, Ksv ≈ 105 M-1, structure shown in 

Figure 2.25), and addition of avidin results in a regeneration of the polymer fluorescence. 

Addition of avidin to unquenched polystyrene-supported 5 results in no detectable change 

in emission, and there is no fluorescence recovery when avidin is added to suspensions of 
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polystyrene-supported 5 that have been quenched by AQ2-. The fluorescence of 

polystyrene-supported 5 is also quenched by the anionic dye-biotin conjugate (D-B-, 

structure shown in Figure 2.25).  

 

 
Figure 2.24 Molecular structures of the CP 5 and 6 in particle-supported assay format 95. 
    

 
Figure 2.25 Molecular structures of biotin-tethered quencher: AQ-B- and D-B- 95. 
 

The author further used a combined format to retain the polymer individual behavior. 

This was done by coating 6 (structure shown in Figure 2.24) onto Laponite clay followed 

by addition of 5 in aqueous solution, which leads to a mixture showing independent 
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behavior of the two polymers both with respect to their fluorescence and quenching. The 

fluorescence of this mixture with no quenchers added is the simple sum of the 

fluorescence of each polymer individually: no energy transfer quenching is observed. 

Addition of methyl viologen (MV2+) quenches only 5, while addition of AQ2- to the 

mixture results in the selective quenching of 6. This result indicates that supported 

formats may allow simultaneous sensing of different antigens by several different 

polymers in the same suspension 95. 

 

Recently, particle-supported detection using conjugated polymers has also been reported 

in other schemes. For instance, Swager and coworkers have coated poly(phenylene 

ethynylene) films onto silica microspheres and used for sensitive detection of 

nitroaromatic quenchers 96. In addition, Schanze and coworker have covalently grafted 

CP onto microsphere surface, and used the particle-supported format for ion detection 97.  

 

2.3.3 Applications of conjugated polymer and oligomer based optical sensors 

This section reviews some optical sensor application of fluorescent conjugated 

polymers/oligomers, mainly focusing on the detection of mercury(II) and DNA. 

2.3.3.1 Detection of mercury(II) 

Selective and sensitive determination of heavy metal ions such as mercury(II) is of vital 

importance due to its application in environmental pollutant treatment. Fluorescent 

conjugated polymers/oligomers can be used for heavy metal ion detection 26. Most of 

these detection methods were conducted in organic solution. Taking the mercury(II) 

detection for example, Fan et al. reported a PPETE conjugated polymer functionalized 
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with N,N,N’-trimethylethylenediamino groups and used it for a turn-on Hg2+ detection in 

organic solution 98. Tang et al. also gave a report on a polythiophene containing thymine 

moieties for Hg2+ detection 99. Although good performance with high sensitivity and 

selectivity was achieved in the above studies, this type of detection employed neutral CP 

and its operation was restricted in organic medium. 

 

In response to the restriction of detection in organic medium, water-soluble CP-based 

assays have been developed for heavy metal ion detection 26. For instance, Bunz and 

coworker developed a mercury(II) assay in aqueous solution using an anionic conjugated 

polymer (CP 7, structure shown in Figure 2.26), and a papain protein which contained 

Hg2+-responsive sulfhydryl groups 100. The assay was based on formation of an 

electrostatic complex between the CP 7 and papain. The CP 7-papain complex displays 

the selective fluorescence quenching response only to Hg2+ over 9 other control metal 

ions (i.e., Zn2+, Cd2+,Pb2+, Fe2+, Ni2+, Co2+, Cu2+, Ca2+ and Mg2+).An agglutination 

mechanism was proposed to explain the selective assay as show in Figure 2.27. It is 

known that papain contained Hg2+-responsive sulfhydryl groups. Upon the formation of 

the CP 7-papain complex, positively charged papain molecules are held together by the 

negatively charged CP 7 chains, forming a supramolecular structure which is more 

sensitive towards agglutination than its parts alone. Consequently, after adding Hg2+ to 

the CP 7-papain complex solution, the CP-papain complex will precipitate by cross-

linking of the papain molecules through Hg2+, and a non-fluorescent solution were 

observed. However, the above sensor worked only in the turn-off mode, and small 

environmental perturbation might affect the detection specificity. 
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Figure 2.26 Molecular structure of CP 7 for Hg2+ assay in aqueous medium 100.  
 

 
Figure 2.27 Qualitative interpretation of the Hg2+-induced agglutination of the CP 7-
papain complex. Top left: CP 7 alone. Top right: electrostatic complex of CP 7 and 
papain. Bottom: the addition of Hg2+ to CP 7-papain complex leads to its precipitation by 
cross-linking of the papain molecules through Hg2+ 100. 
 

Instead of turn-off detection, turn-on assay in aqueous solution was reported by Liu et al. 

101. The authors made use of a cationic conjugated polymer (CP 8, molecular structure 

shown in Figure 2.28) and a mercury-specific oligonuleotide (MSO) to detect Hg2+ in 

aqueous solution. This MSO has the sequence of 5’-

CATTTCTTTCTTCCCCTTGTTTGTTTCA -3’ and is mercury-specific. As shown in 
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the Figure 2.29, in the absence of Hg2+ ions, CP 8 and the random coil-like MSO probe 

readily formed an electrostatic complex in aqueous solution, which rigidified CP 8 to 

form a planar conformation with a red color. In the presence of Hg2+ ions, the MSO probe 

readily formed a stem-loop structure through the specific thymine-mercury(II)-thymine 

(T–Hg2+-T) binding, resulting in twisting of the conjugated backbone of CP 8. 

Consequently, the MSO–CP 8 complex shows color change from red to yellow upon 

addition of Hg2+ due to this conformation change of CP 8. This assay was conducted in a 

label-free detection style, and achieved the lowest detection limit down to 42 nM for 

Hg2+ with high selectivity relative to other metal ions such as Ca2+, Mg2+, Pb2+, Cu2+, 

Zn2+, Mn2+, and Co2+ ions. Nevertheless, this method employs the format of 

homogeneous assay in solution, and environmental perturbation may affect its detection 

selectivity. 

 

Figure 2.28 Molecular structure of CP 8 for Hg2+ detection 101. 
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Figure 2.29 Schematic illustration of the optical mercury(II) sensing mechanism, based 
on a target induced conformational change of MSO oligonucleotide and a resultant 
optical change of CP 8 101. 
 

 

2.3.3.2 Detection of DNA 

CP-based DNA detection has been studied extensively and intensively due to the vital 

application of DNA assays in biomedical research as well as the not-fully explored CP 

properties 26,75,81,82. This section reviews some studies on DNA sensing using fluorescent 

conjugated polymers and oligomers, mainly focusing on the DNA detection based on 

superquenching mechanism, conformation change mechanism, and FRET mechanism. 

 

DNA sensing based on superquenching mechanism 

Superquenching-based sensing has been introduced in the previous section 

‘superqueching mechanism’, using the avidin detection as an example. Nevertheless, this 

strategy could also be used for DNA detection. Whitten and coworkers developed a 

superquenching-based detection of DNA coding for the anthrax lethal factor 102. To 

conduct the DNA sensing based on superquenching mechanism, the authors employed a 
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platform in which the biotinylated capture ssDNA and a biotinylated-PPE derivative are 

co-located on streptavidin-derivatized polystyrene microspheres. Later, the authors 

further improved the DNA assay by replacing the biotinylated capture DNA with a 

biotinylated peptide nucleic acid as capture probe, and investigated the assay temperature 

and resolution of single base-pair mismatches using this detection platform 103. 

 

DNA sensing based on conformation change mechanism 

DNA sensing based on conformation change is another important approach, which 

detection mechanism has been described in the previous section ‘conformation change 

mechanism’. Some improvements of conformation change based DNA assay using PT 

derivatives have been done after the original discovery in 2002 89. To improve the assay 

operation temperature, Leclerc and coworkers found that the addition of 20% formamide 

as a denaturant allowed for DNA detection at ambient temperature, which is not possible 

in the original study 104. To enhance detection sensitivity, they developed a tailored 

detection platform incorporating a light-emitting diode (LED) source with a narrow 

bandwidth for polymer excitation and a photomultiplier tube detector 105. Meanwhile, the 

use of 0.3 mM of Triton X-100 was useful to improve the detection limit. Based on these 

improvements, the author achieved the detection of DNA at zeptomole levlel while 

retaining single-base mismatch differentiation 105.  

 

DNA sensing based on FRET mechanism 

DNA sensing based on FRET is an important approach, which mechanism has been 

described in the previous section ‘Fluorescence resonance energy transfer mechanism’ on 

the pioneering work done by Bazan and coworkers in 2002 83. The following section 
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mainly introduces two major efforts to improve FRET-based DNA assay using PF 

derivatives: 1) optimization of FRET efficiency for higher detection sensitivity, 2) 

improvement of assay operation for selectivity enhancement.  

1) Optimization of FRET efficiency for higher detection sensitivity 

The first major efforts are placed on optimization of FRET efficiency to generate higher 

signal output for detection sensitivity improvement. The efficiency of CP FRET depends 

on the distance between the CP and acceptor, orientation of the acceptor relative to the 

CP, as well as the spectral overlap between the emission of the CP and the absorption of 

the acceptor according to Förster theory 79. Therefore, various parameters shown in 

Förster equation have been modulated by different experimental conditions to generate 

higher signal amplification. 

 

For example, improved spectral overlap ( )(λJ ) between the absorption of a fluorescent 

dye and the emission band of a cationic conjugated polymer (CCP) has been reported to 

show improved signal amplification 29. The distance ( DAr ) effect has been used to explain 

more efficient FRET for complementary single-stranded DNA (ssDNA) rather than the 

noncomplementary when using CCP and the labelled ssDNA probe, where 

noncomplementary ssDNA partially screens the labelled ssDNA probe from the CP and 

increases the distance between the donor and acceptor resulting in the reduced FRET 

efficiency 106. Thirdly, the effect of orientation (κ ) on FRET efficiency was also reported 

by Bazan and coworkers. The authors found that poor FRET efficiencies between a linear 

CCP and dsDNA-intercalated ethidium bromide (EB) 107, and fluorescein as a FRET 

resonance gate from the CCP to the intercalated EB can improve DNA assay 
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performance. Further studies confirmed that the low FRET efficiency is due to a 

nonoptimal (orthogonal) orientation between the transition moment of the optically active 

polymer backbone and that of EB within the dsDNA structure 108. Meanwhile, the authors 

also made synthetic entry into CCPs with increased conformational freedom, and they 

found that shape-adaptable polymers were able to improve FRET efficiency 109. More 

recently, Bazan and Liu reported the design and synthesis of a water-soluble cationic 

conjugated oligomer, i.e. tetrahedralfluorene (9, structure shown in Figure 2.30) 110. 

Compared with a cationic CP with similar repeat units, the 9 shows improved FRET 

efficiencies to dsDNA-Fl as well as improved selectivity between dsDNA and ssDNA. 

This improvement is ascribed to non-linear shape and spatial registry of 9, which is able 

to provide multiple-transition dipole moment orientations relative to that of rigid one-

dimensional polymer backbone, and makes 9 very efficient energy donors for intercalated 

EB.  

 
Figure 2.30 Molecular structure of the cationic tetrahedralfluorene in DNA sensing based 
on FRET mechanism110. 
 

Besides the modulation efforts based on Förster equation to improve FRET efficiency, 

photoinduced charge transfer (PCT), a detrimental process for FRET assays with a 

reduced intensity of reporter signal, is also received considerable attention 91. The 

competition between FRET and PCT processes is determined by the molecular orbital 
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energy level alignment between CP (i.e. donor) and chromophore (i.e. acceptor/quencher), 

as shown in Figure 2.16 80.  

 

The first report addressing the molecular orbital energy level to improve CCP FRET-

based DNA sensing is from Bazan and Liu in 2006 80. In this study, the authors designed 

and synthesized a series of cationic PF derivatives (CP 10, 11, and 12 with their 

structures shown in Figure 2.31) to probe the effect of the donor/acceptor orbital energy 

levels on FRET efficiency. Fluorescein-(Fl) or Texas Red-(TR) labelled ssDNA were 

chosen as the energy acceptor in this study. The molecular orbital energy levels of CP 10-

12 were estimated by cyclic voltammetry coupled with optical measurements. The 

calculated highest occupied molecular orbital (HOMO) and lowest unoccupied molecular 

orbital (LUMO) levels are (−5.6 and −2.8 eV) for 10, (−5.4 and 2.6 eV) for 11, (−5.8 and 

−2.7 eV) for 12, respectively. The LUMO energy of Fl (−3.6 eV) is within the band gap 

of polymers 10–12. However, the HOMO energy of Fl (−5.9 eV) is lower than that of 10 

(−5.6 eV), 11 (−5.4 eV). As a result, PCT process could occur between CP (10 or 11) and 

Fl, and to a less extent between 12 and Fl. The HOMO energy of TR (−5.4 eV) is higher 

than that of 10 and 12, but is close to that of 11. The FRET experimental results indicate 

the effect of donor/acceptor orbital energy levels on FRET efficiency. The most intense 

Fl emission was obtained for 12/ssDNA-Fl, which is approximately two-fold higher than 

that for 10/ssDNA-Fl and is over an order of magnitude higher than that for 11/ssDNA-Fl. 

This high FRET sensitized signal is due to the matched donor/acceptor orbital energy 

levels, which favors FRET between 12 and Fl. In addition, the authors found that the TR 

emission with 11/ssDNA-TR is more intense than the Fl emission with 11/ssDNA-Fl, 
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despite the less effective spectral overlap ( )(λJ ) between 11 and TR relative to that 

between 11 and Fl. This is due to a better-matched energy levels between 11 and TR than 

that between 11 and F1. This study demonstrated that the energy level alignment between 

the donor and acceptor plays a significant role in generating the CP FRET sensitized dye 

emission 80.  

 
 

Figure 2.31 Molecular structures of the CPs (CP 10-12) used in DNA sensing based on 
FRET mechanism 80. 
 

Apart from the concern on molecular orbital energy level alignment, Bazan and 

coworkers further revealed the importance of the CP molecular structure which can affect 

the contribution of FRET and PCT to the sensitized dye emission, and suitable molecular 

design that fine-tune distances at subnanoscale levels is worthy of consideration to favor 

FRET against quenching by PCT 111.  
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Figure 2.32 Major interactions within CCP/DNA-C* complexes that influence optical 
performance 80. 
 

Meanwhile, attention should also be paid to the fluorescence quenching of the CP or the 

acceptor dye within the FRET pair complexes 80. As shown in Figure 2.32, within 

CCP/DNA-chromophore (C*) complexes, there are cross interaction between CCP and 

C* and self-interaction among C* or CCPs. Close association between CCP and DNA-C* 

(A in Figure 2.32) favors FRET. However, self-interaction among CCPs (B in Figure 

2.32) leads to polymer aggregation and reduces the polymer quantum yield in solution. 

Self-interaction among C* (C in Figure 2.32) causes dye fluorescence quenching and 

ultimately leading to reduced signal amplification. This viewpoint has been used to 

explain higher CCP-sensitized C* emission from a variety of approaches 82, such as the 

reduction of CCP charge density which minimizes dye fluorescence quenching within the 

CCP/DNA-C* complexes 112.  
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2) Improvement of assay operation for selectivity enhancement  

The second major efforts are simultaneously placed on selectivity improvements by 

optimizing assay operation conditions. Compared with the use of ssDNA-C* probe in 

FRET-based assay to differentiate complementary ssDNA from noncomplementary 

ssDNA, various improved approaches have been developed such as the use of neutral 

ssPNA-C* probe 83, EB with Fl as FRET resonance gate 107, and EB with shape-adaptable 

polymers 109 or tetrahedralfluorene 110. Nevertheless, few report on single-nucleotide 

polymorphisms (SNP)-level discrimination in FRET-based DNA sensing.   

 

Figure 2.33 Long ssDNA target sequences are digested by S1 nuclease, leaving intact 
only those regions bound to the PNA-Fl probe. CP 10 (shown in the top of the figure) 
added directly to the resulting solutions can only associate with the remaining PNA-
Fl/DNA duplex. Any PNA/DNA mismatches will result in complete DNA digestion; 
therefore, energy transfer from the CP 10 occurs only for the perfect PNA-Fl/DNA 
complement 113. 
 

SNP-level DNA differentiation was first reported by Bazan and co-workers after the 

introduction of S1 nuclease enzyme into FRET-based DNA sensing in 2005 113. As 

shown in Figure 2.33, the assay starts with the recognition by sequence-specific 
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hybridization between the neutral PNA-Fl probe and the ssDNA sequence. Addition of 

S1 nuclease leads to digest all unbound ssDNA after PNA/ssDNA annealing, and 

therefore increases the detection selectivity. The combination of S1 nuclease enzyme and 

the CP 10/PNA design enable the assay capable of differentiating the normal, wild-type 

human DNA sequences from those sequences containing a single-base mutation. Using 

similar enzyme digestion strategy with CCP as signal amplifier and PNA as the probe, 

Liu and coworker further developed a label-free SNP DNA assay after introduction of an 

intercalation dye in homogeneous solution 114. On the other hand, particle-supported 

format has been introduced into FRET-based DNA sensing to improve the detection 

selectivity 115. In this study, Fan and coworkers adopted magnetic microsphere as a 

support to detect target DNA followed by CP signal amplification, and achieved SNP-

level DNA detection 115. 

  

Besides the above mentioned DNA sensing based on superquenching mechanism, 

conformation change mechanism, and FRET mechanism, other research efforts have also 

been made from different approaches. For example, Leclerc and co-workers developed a 

combined sensing strategy incorporating conformation change mechanism and FRET 

mechanism, and achieved a DNA detection as low as 3 zM target DNA with mismatched 

DNA discrimination 116. In addition, to apply CP to DNA assays in real samples such as 

blood or serum, covalent bioconjugation of recognition element to PPE derivatives have 

been developed by Tan and coworkers 117, and Kim and coworkers 118. 
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2.3.3.3. Other application 

Besides the above mercury(II) and DNA detection in our previous review sections, CP-

based chemo/biosensing have been developed for other applications such as the detection 

of Pd26 119, human a-thrombin 120, protease 121, kinase 122, phosphatase 122, Concanavalin 

A 123, and bacteria 124. With further exploration and understanding of CP materials, CP-

based chemo/biosensing will make a fast and great progress. 
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CHAPTER 3  

SYNTHESIS AND CHARACTERIZATION OF SILICA AND 

SILVER NANOPARTICLES 

 

 

3.1 Introduction 

As discussed in the section of nanoparticle-based detection in Chapter 2, novel detection 

systems based on nanostructure features can be highly specific and extremely sensitive 

when combined with appropriate signal transduction and amplification mechanisms. In 

this thesis, silica NPs and silver NPs are chosen as the building blocks for the 

construction of CP-based nanoplatforms in chemo/biosensing. This is due to the unique 

properties of the selected nanomaterials for CP-based optical sensors.      

 

Silica NPs (100 nm in diameter) are transparent in dilute solutions and their optical 

properties do not interfere with fluorescent conjugated polymers and oligomers. Silica 

materials have versatile bioconjugation methods 125, and their NP suspension provides a 

nearly homogeneous environment that facilitates DNA immobilization and hybridization. 

As a solid-state system, silica NP-supported assay enables the separation of specific 

binding from non-specific interactions to improve detection performance. As a result, the 

use of silica NPs as the solid support for CP-based DNA assay is first considered. 

Secondly, silver NPs have been known as their surface plasmonic effect for various 
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applications such surface enhanced Raman scattering (SERS) and metal-enhanced 

fluorescence (MEF) 24,53. To investigate the MEF of a CP (PFBT) for DNA detection, a 

suitable choice is the use of silver NPs (~75 nm) since good plasmonic coupling between 

silver NPs and PFBT can occur, and this coupling has been regarded as a key 

contribution to MEF 24,53. In this sense, silver NPs are preferred. Therefore, the synthesis 

of both silica and silver NPs are considered. 

 

To prepare the NPs, simple and convenient synthesis methods are preferred for our 

purpose. Silica NP synthesis methods have been well documented in the literature such as 

Stöber method 126 and microemulsion method 127. Due to the simplicity of synthesis, 

Stöber method in which silica NPs are formed in water-alcohol medium through a 

polymerization and condensation of tetraethoxysilane (TEOS) using ammonia as the 

catalyst, was chosen to prepare the NPs with slight modification. For the silver NP 

synthesis, a variety of methods are also available such as Lee–Meisel method 128, photo-

reduction by laser irradiation 129, and laser ablation of bulk metal 130. Considering the 

simplicity of synthesis, Lee–Meisel method 128 in which silver NPs are produced in 

aqueous medium through reduction of silver nitrate by sodium citrate, was used to 

synthesize the NPs with slight modification. In Chapter 3, the synthesis and 

characterization of both silica and silver NPs will be described in detail. 
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3.2 Materials and methods 

3.2.1 Preparation and characterization of silica nanoparticle 

Materials   

Tetraethoxysilane (TEOS, 98%, Fluka), ethanol (99.9%, Merck), ammonia solution 

(30%Wt, SINO Chemical Company). MilliQ water (18.2 MΩ) was used to prepare all 

solutions. 

 

Characterization   

The synthesized silica NPs were imaged using a field-emission scanning electron 

microscope (FE-SEM JEOL JSM-6700 F) after coating a thin Pt layer (~5 nm in 

thickness) via a platinum coater (JEOL JFC-1300, Auto Fine Coater). A polished copper 

tape was used as the supporting substrate for the silica NP imaging. 

 

Synthesis of silica NPs  

Silica NPs were synthesized using a modified Stöber method 126. An amount of 1.5 mL of 

TEOS dissolved in 15.24 mL of ethanol was added rapidly to a mixture of 6.37 mL of 

ethanol, 10.05 mL of Milli-Q water and 0.32 mL of 30% ammonia while vigorously 

stirring. The mixture was further stirred at room temperature for 8 h and the NPs in 

solution had an average size of   ~55 nm by analyzing the samples under FE-SEM. An 

amount of 4.5 mL of the as-prepared NP suspension was diluted with 5.08 mL of ethanol 

and 0.27 mL of 30% ammonia. Another 1.84 mL of TEOS in 9.20 mL of ethanol was 

added dropwise into the diluted NP suspension. The mixture was stirred at room 

temperature for 6 h. The obtained NPs were centrifuged and washed with ethanol and 
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MilliQ water. In between the washing steps, the NPs were re-dispersed into the solutions 

by ultrasonication. The purified NPs were dispersed in MilliQ water and stored at 4̊ C for 

further use. 

 

3.2.2 Preparation and characterization of silver nanoparticle 

Mater ials  

Silver nitrate (sigma-aldrich, reagent plus, >99.8%), sodium citrate tribasic dihydrate 

(sigma, ACS reagent, ≥99.0%). MilliQ water (18.2 MΩ) was used to prepare all 

solutions. 

 

Character ization and instrumentation  

The extinction spectrum of silver NPs in MilliQ water was measured by Shimadzu UV-

1700 spectrometer, and corrected after subtraction of the corresponding background. The 

prepared silver NPs were characterized by field-emission scanning electron microscopy 

(FE-SEM) on a JEOL JSM-6700F operating at 5 kV, and by transmission electron 

microscopy (TEM) on a JEOL JEM-2010F operating at 200 kV. The silver ion 

concentration was determined by inductively coupled plasma-mass spectroscopy (ICP-

MS, Agilent 7500A).  

 

Silver  NP synthesis in aqueous solution  

The silver NPs were synthesized by citrate reduction using a modified Lee–Meisel 

method 128. All glassware and stir bars used in synthesis were thoroughly cleaned in aqua 

regia (HCl: HNO3 = 3:1), rinsed with MilliQ water and oven-dried prior to use. The stock 



Chapter 3 

54 

solutions of silver nitrate (10.8 mg/mL) and sodium citrate tribasic dihydrate (22.8 

mg/mL) were prepared in advance and stored in the dark. Other solutions were made 

freshly as needed. During preparation of the silver colloid, 1 mL of silver nitrate stock 

solution (10.8 mg/mL) was first diluted with 28.55 mL of MillQ water, and the resulting 

solution was brought to boil with vigorous stirring (700 rpm) in a 50 mL two-neck round-

bottom flask with a condenser. 0.45 mL of sodium citrate solution (22.8 mg/mL) was 

added dropwise into the reaction solution (45 µL/12 seconds). Boiling was continued for 

~40 mins before an icy bath was used to quench the whole reaction with vigorous stirring. 

The resulting colloidal solution had a maximum extinction peak at ~ 440 nm. The 

synthesized silver colloid was initially filtered with 0.22 µm filter. After centrifugation at 

2000 g for 40 min, the supernatant was removed thoroughly from the silver NP 

precipitates, and the silver precipitates were redispersed in MilliQ water followed by the 

filtration with 0.22 µm filter. The obtained silver colloid was covered with Al-foil and 

stored in a 4 °C refrigerator. The silver ion concentration in the above silver colloid was 

estimated at ~193 ppm by ICP-MS after dissolving the silver NPs by aqua regia, while 

the silver NPs show an extinction maximum ~0.0552 @ 440 nm for 4 µL stock/800 µL 

water by UV/Vis measurement. Field-emission scanning electron microscopy (FE-SEM) 

showed that the obtained particles have an average size of ~75 nm. 
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3.3 Results and discussion 

3.3.1 Synthesis and characterization of silica nanoparticles 

Bare silica nanoparticles (NPs) were synthesized using a modified Stöber method via a 

seed-mediated growth process 126. A two-step method was conducted during this process. 

A polymerization and condensation of TEOS using ammonia as a catalyst lead to silica 

NP seeds, which have a small size ~55 nm in diameter as shown in Figure 3.1. After 

further growth based on these NP seeds, the size of silica NPs increases to ~100 nm in 

average. These final NPs have a uniform and spherical shape, as well as a narrow size 

distribution (polydispersity (δ/D): ~5% based on calculating 150 NPs), as shown in 

Figure 3.2. The synthesized silica NPs have negative charged hydroxyl group on their 

surface arising from original synthesis stage. These negative charges enable silica NPs 

separate from each other by repulsive force, and keep them stable in aqueous solution 

(see the well-dispersed silica NPs in the Figure 3.3).  

 

Figure 3.1 FE-SEM image of the synthesized silica nanoparticle (NP) seeds in the closely 
packed form after coating a thin conductive Pt layer (~5 nm in thickness) via a platinum 
coater. The average diameter of the seed silica NPs is ~55 nm.  
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Figure 3.2 FE-SEM image of the synthesized final silica NPs in the closely packed form 
after coating a thin conductive Pt layer (~5 nm in thickness) via a platinum coater. The 
average diameter of the final silica NPs is ~100 nm.  
 

 

 

Figure 3.3 FE-SEM image of well-dispersed final silica NPs after coating a thin 
conductive Pt layer (~5 nm in thickness) via a platinum coater. The average diameter of 
the final silica NPs is ~100 nm.  
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3.3.2 Synthesis and characterization of silver nanoparticles 

The silver NPs were synthesized by citrate reduction using a modified Lee–Meisel 

method 128. After purification by centrifugation and filtration, the collected silver NPs 

have a size of ~75 nm in average, as shown in Figure 3.4 and Figure 3.5. FE-SEM images 

from Figure 3.4 show that the synthesized silver NPs have irregular shapes, and the TEM 

images in Figure 3.5 confirm that the silver NPs are composed of irregular polycrystalline 

structures. UV/Vis spectrum shows that the silver NPs have an extinction maximum 

wavelength at ~440 nm (see Figure 3.6). These synthesized silver NPs bear negative 

charges on their surface due to the absorbed citrate molecules during the NP synthesis 

stage. These negative charges enable repulsive force between silver NPs and make them 

quite stable in aqueous medium (see the well-dispersed silver NPs in the inset of Figure 

3.4).  

 

 

Figure 3.4 FE-SEM images of the synthesized silver NPs. The inset shows the well-
dispersed silver NPs. 
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Figure 3.5 TEM images of the synthesized silver NPs. The inset shows the silver NPs in 
high magnification. 
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Figure 3.6 The extinction spectrum of the synthesized silver NPs in MilliQ water.  
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3.4 Conclusions 

In Chapter 3, we describe the synthesis and characterization of two types of nanoparticles, 

namely silica NPs and silver NPs. Silica NPs with a diameter of ~100 nm in average were 

synthesized via a seed-mediated growth process by polymerization and condensation of 

TEOS catalyzed by ammonia. FE-SEM confirms that these prepared silica NPs have 

uniform spherical shape with a narrow size distribution. Meanwhile, silver NPs were 

synthesized by citrate reduction in aqueous medium. FE-SEM and TEM confirm the 

formation of silver NPs with a size of ~75 nm in average, and UV/Vis spectrometer 

shows that the silver NPs have an extinction maximum wavelength at ~440 nm. These 

prepared nanomaterials will constitute the elements of nanoplatform for the applications 

of CP/oligomer based chemo/biosensing. 
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CHAPTER 4   

SILICA NANOPARTICLE-SUPPORTED DNA ASSAYS FOR 

OPTICAL SIGNAL AMPLIFICATION OF CONJUGATED 

POLYMER BASED FLUORESCENT SENSORS 

 

 

4.1 Introduction 

Methods for real-time, highly selective and sensitive polynucleotide detection are of vast 

scientific and economic importance because of their wide applications in identification of 

numerous biological pathogens and environmental contaminants 131,132. Many DNA 

detection assays have been developed using different principles 133, such as fluorescence 

10,11,134, electrochemical 135,136, microgravimetric 137,138, enzymatic 139, 

electroluminescence 140, and recently nanostructure based methods 41,141. In general, the 

detection is constrained or limited by the levels of targets available in a particular sample. 

One has to rely on enzymatic sample replication (polymerase chain reaction) to increase 

the concentration of specific nucleic sequences to detectable levels or turn to complex 

labelling steps (dye multiplicity) or enhanced optical (or instrumentation) systems 142,143. 

Such remedies are often reagent and instrumentation intensive, inciting higher levels of 

complexity and cost. 
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The unique optoelectronic properties of conjugated polymers (CPs) make them useful 

light-harvesting antennae for signal amplification in DNA sensor applications 89,144,145. 

Their delocalized structure allows for electronic coupling between optoelectronic 

segments and efficient intra- and interchain energy transfer 25,29. One specific approach 

that improves the sensitivity of homogeneous fluorescent DNA assays involves using a 

cationic conjugated polymer (CCP) and a chromophore (C*) labelled probe (e.g. DNA-

C* or PNA-C*), which are selected to favor fluorescence resonance energy transfer 

(FRET) from the CCP to C* 28,83,106. In addition to the factors such as spectral overlap, 

orientation and distance, recent studies reveal that the C* self-quenching upon CCP–

DNA-C* complex formation and the mismatched energy levels between CCP and C* 

also affect the signal amplification 80. Although this strategy has been proved successful 

for strand specific detection of DNA and RNA in aqueous media 28,83,106, high selectivity 

is only observed with PNA-C* as the probe 83. Replacement of PNA-C* with DNA-C* 

leads to reduced selectivity as a result of the strong Coulomb attraction between the CCP 

and the negatively charged DNA probe 28,106.  

 

Nanoparticle(NP)-based assays possess the advantage of solid-state sensors, allow the 

separation of specific binding from nonspecific interactions to improve assay selectivity 

115, and have been applied to a wide variety of biological applications 96,115,146. Among 

various nanomaterials, silica NPs (100 nm in diameter) are transparent in dilute solutions 

and their optical properties do not interfere with fluorescent conjugated polymers and 

oligomers. Silica materials also have versatile bioconjugation methods, and their NP 

suspension provides a nearly homogeneous environment that facilitates DNA 
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immobilization and hybridization. In this context, incorporation of the CP FRET assay 

into a silica NP-supported format would provide a favorable condition to improve the 

detection selectivity of CP-based homogeneous DNA assay while maintaining the 

advantages of CP signal amplification. In Chapter 4, we report a new strategy of using 

probe-immobilized silica NPs in conjunction with a CCP (PFP-2F, structure shown in 

Scheme 4.1) to simultaneously achieve high sensitive and selective DNA detection. 

Importantly, instead of fluorescence quenching of CPs on the particle surface 96, CP 

fluorescence signal amplification on NP-supported format was first investigated for 

sensitive DNA assay.  

 

4.2 Materials and methods 

General  

The UV-Vis absorption spectra were recorded on a Shimadzu UV-1700 spectrometer. 

Fluorescence was measured using a Perkin Elmer LS-55 equipped with a xenon lamp 

excitation source and a Hamamatsu (Japan) 928 PMT, using 90 degree angle detection 

for solution samples. The NPs are imaged using a field-emission scanning electron 

microscope (FE-SEM JEOL JSM-6700 F) after coating a thin conductive Pt layer (~5 nm 

in thickness).  

 

Materials  

DNA oligonucleotides are ordered from Research Biolabs, Singapore.   Tetraethoxysilane 

(98%, Fluka), ethanol (99.9%, Merck), ammonia solution (30%Wt, SINO Chemical 

Company), 3-aminopropyl triethoxysilane (99%, Aldrich), Sodium Chloride (99.5%, 
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Merck), Tween 20 (Aldrich), acetonitrile (anhydrous 99.8+%, Alfa Aesar), 2,4,6-

trichloro-1,3,5-triazine (98%, Alfa Aesar), boric acid (99+%，Alfa Aesar), sodium 

tetraborate decahydrate (99+%，Alfa Aesar), and 10× phosphate buffer saline (ultrapure 

grade, 1st BASE) are commercial products and are used as received without further 

purification. MilliQ Water (18.2 Ω) was used to prepare all the buffers. The conjugated 

polymer, poly[9,9’-bis(6’’-N,N,N-trimethylammonium)-hexyl)fluorene-co-alt-2,5-

difluoro-1,4-phenylene) dibromide] (PFP-2F), was synthesized according to the 

procedures reported previously 80. 

 

Synthesis and surface functionalization of silica NPs  

The bare silica NPs were synthesized according to the procedure described in Chapter 3. 

After that, 3-amino-propyl-trimethoxysilane (140 µL) was added to the bare silica NPs 

(6.4 mg) in ethanol (1 mL). The mixture was stirred at room temperature for 2 h. It was 

followed by heating at 50 Celsius degree (˚C) for additional 1 h. After centrifugation and 

washing with ethanol (8×) and acetonitrile (5×), the NPs were further reacted with 2,4,6-

trichloro-1,3,5-triazine (38.4 mg) in acetonitrile (1 mL) at room temperature for 2 h 147. 

The surface activated NPs were centrifuged and washed with acetonitrile (3×), ethanol 

(1×), MilliQ water (4×), and borate buffer (3×). 

 

5’-amine modified oligonucleotide (5’-NH2-AGCACCCACATAGTCAAGAT-3’, 25 µL 

of 100 µM) was added to the activated NPs (3.2 mg) in borate buffer (85µL, pH = 8.5), 

and the mixture was slightly votexed at room temperature for 16 h. The obtained NPs 
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were centrifuged and washed with MilliQ water (3×) to remove the free DNA. The 

supernatant was collected for UV/Vis absorbance measurement. 

 

Hybridization of DNA-immobilized NPs 

The probe immobilized NPs were washed twice with PBST buffer (137 mM NaCl, 2.7 

mM KCl, 10 mM phosphate and 0.1% Tween 20) before hybridization. Different amount 

of fluorescein (Fl) labelled target DNA (DNAT: 5 -Fl-ATCTTGACTATGTGGGTGCT-

3 ) was mixed with NP (1.6 mg) in PBST buffer and the total volume was adjusted to 100 

uL. The mixture was shaken at room temperature for 2 h. The solution was centrifuged 

and the residue was thoroughly washed with PBST buffer (5×).  Finally the nanoparticles 

were dispersed in ~100 µL PBST buffer. The supernatant was kept for fluorescence 

analysis. 

 

Base mismatch detection with salt washing 

15 µL (100 µM) of a DNAT, a two-base mismatched sequence (5 -Fl-

ATCTTGACTTTCTGGGTGCT-3 ) and a random sequence (5 -Fl-

CGTACGTACGTACGTACGTA-3 ) were added separately to three probe-immobilized 

NP (0.2 mg) solutions in PBST buffer (85 µL), and shaken at room temperature for 2 h. 

After that, the resulting mixture was centrifuged and the residue was thoroughly washed 

with PBST buffer (4×).  The collected NPs were further washed with a diluted PBST 

buffer (10 mM NaCl in 10 mM phosphate buffer, 0.1% Tween 20) for additional four 

times before FRET test. 
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FRET experiments and analysis 

To study the effect of DNA strands/NP on FRET, the hybridized NPs (0.2 mg) were 

dispersed in PBST buffer (2 mL) in a quartz cuvette. Before CCP addition, the solution 

fluorescence was measured upon excitation at 490 nm. Different volumes of CCP at  a 

[CCP] = 100 µM (CCP concentrations were based on CCP repeat unit) were then added 

to each NP solution, where 38 µL for 7DNAT/NP, 40 µL for 24DNAT/NP and 42 µL for 

56DNAT/NP were used to maintain a charge ratio of +/- close to 3. The emission spectra 

were collected upon excitation of the CCP at 370 nm. Fl emission was also monitored 

upon excitation at 490 nm in the presence of CCP. For all the Fl emission spectra, the 

background emission and the polymer emission tail were subtracted. 

 

4.3 Results and discussion 

4.3.1 Strategy for the CP-assisted NP-supported DNA assay 

 

Scheme 4.1 Schematic illustration of NP-supported DNA assay using CCPs as signal 
amplifiers. 
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Scheme 4.1 was designed to take advantage of the optical amplification of CCPs and easy 

separation of NPs for sensitive and selective DNA detection. The approach begins with 

probe-immobilized NPs in solution. If the added DNA-C* is complementary to the probe, 

the probe-immobilized NPs can capture the target and bring C* close to the NP surface. 

In the absence of the complementary sequence, no C* will be attracted to the NPs after 

salt washing and separation steps. Only when the complementary sequence is present in 

the initial solution will CCP (donor) and C* (acceptor) be present in the final mixture, 

allowing intense acceptor emission upon CCP excitation. 

 

The CCP, poly[9,9’-bis(6’’-N,N,N-trimethylammonium)-hexyl)fluorene-co-alt-2,5-

difluoro-1,4-phenylene) dibromide] (PFP-2F, structure shown in Scheme 4.1), and C* 

(Fluorescein: Fl) used in this study were selected to have matched molecular orbital 

energy level. According to recent reports 80,91, mismatched molecular orbital energy 

levels can lead to photoinduced electron transfer (PCT), which competes with the FRET 

process resulting in a reduced intensity of reporter signal. To get better FRET efficiency, 

matched orbital energy levels is important to against PCT for higher detection sensitivity. 

The use of PFP-2F and Fl as FRET pair has been found to satisfy this condition 80. In 

other words, to get highest FRET signal output, the FRET pair (PFP-2F as the energy 

donor and Fl as the energy acceptor) is better than other FRET pairs. Therefore, we 

choose the FRET pair (PFP-2F and Fl) in this study. On the other hand, silica NPs in the 

100 nm size range were selected since they are transparent in dilute solutions and their 

optical properties do not interfere with conjugated polymers. Moreover, particle-

supported FRET assay allows the separation of specific binding from non-specific 

http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#sch1�
http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#sch1�
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interactions to improve detection selectivity 115. In this context, incorporation of the PFP-

2F/Fl FRET pair into a NP-supported assay should provide a favorable condition for 

sensitive and selective DNA detection. This consideration constitutes the guideline for 

our DNA assay strategy development. 

 

4.3.2 Synthesis and surface functionalization of silica nanoparticles 

 
 

Figure 4.1 FE-SEM images of the synthesized silica nanoparticles. Inset: probe-
immobilized silica nanoparticles. 
 

The bare silica NPs were synthesized according to the procedure described in Chapter 3. 

After surface modification with (3-aminopropyl)trimethoxysilane, followed by activation 

with 2,4,6-trichloro-1,3,5-triazine, the modified NPs were reacted with amino labelled 

synthetic oligonucleotide (5 -NH2-AGCACCCACATAGTCAAGAT-3 ). After 

purification, the average number of DNA probes on each NP was calculated to be 400 

based on the UV absorbance measurement. Field-emission scanning electron microscope 
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(FE-SEM) images showed that the NPs before and after DNA immobilization are 

spherical in shape with an average size of 100 nm (Figure 4.1). 

 

4.3.3 Signal amplification dependent on number of Fl-DNA per NP 

 
Figure 4.2 The emission spectra of DNAT solution (0.18 μM) before hybridization and 
the supernatant (after hybridization and NP removal) with NPs (0.1 mg/mL). 
 

Hybridization of probe-immobilized NPs (1.6 mg per 100 µL) with Fl labelled target 

DNA (DNAT: 5 -Fl-ATCTTGACTATGTGGGTGCT-3 ) of varying concentrations has 

been studied in PBST buffer (137 mM NaCl, 2.7 mM KCl, 10 mM phosphate buffer and 

0.1% Tween 20, pH = 7.0). There was a linear increase in the total number of DNAT 

molecules captured by each NP when [DNAT] was in a range of 0 to 3 µM, which was 

followed by saturation at higher [DNAT]. From the fluorescence change in DNAT 

solutions before and after hybridization and removal of NPs, the number of DNAT 

strands captured by each NP was calculated to be on average 7 ± 1 for 0.18 µM, 24 ± 

http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#fig1�
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2 for 0.75 µM, 56 ± 5 for 2.0 µM, and 83 ± 5 for 3.0 µM, respectively. The 

representative fluorescence emission spectra change for DNAT solutions before and after 

hybridization with NP removal for 7DNAT–NP is shown as Figure 4.2. 

 

Upon excitation at 490 nm, the solution ([NP] = 0.1 mg/mL) fluorescence increases 

almost linearly from 7 to 56DNAT–NP (Figure 4.3 inset), indicating that there is almost 

no Fl self-quenching on the NP surface. We now examine how the number of DNAT 

strands on each silica NP influences FRET. Measurements were carried out in PBST 

buffer upon CCP addition ([NP] = 0.1 mg/mL). Figure 4.3 compares the Fl emission from 

NP solutions containing 7, 24 and 56DNAT–NP at a charge ratio (CCP/DNA probe and 

DNAT, +/–) of 3.2, upon excitation at 370 nm. The most intense Fl emission was 

observed for CCP–56DNAT–NP, which is approximately 40% more intense as compared 

to that for CCP–24DNAT–NP and is about 4-fold greater than that for CCP–7DNAT–NP. 

For 56DNAT–NP, the integrated Fl emission is approximately 40-fold greater than that 

obtained by excitation of Fl at 490 nm in the absence of the CCP, while over 75- and 

110-fold enhancement is observed for 24- and 7DNAT–NP, respectively. The integrated 

fluorescence signals used for the calculation of signal amplification is shown in the Table 

4.1.  

 

 

http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#fig2�
http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#fig2�
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Figure 4.3 Fl emission spectra of DNAT–NP solutions in the presence of CCP upon 
excitation at 370 nm. Inset: Fl intensity of DNAT–NP solutions upon excitation at 490 nm 
in the absence of CCP. [NP] = 0.1 mg/mL and the charge ratio (+/–) is 3.2. 
 

Table 4.1  The integrated fluorescence intensity of the hybridized NP in the absence 
and presence of CCPa and corresponding signal amplification 

Integrated fluorescence intensityb 7 DNAT/NP 24 DNAT/NP 56 DNAT/NP 

Hybridized NP  

(under 490 nm excitation) 

7.15 36.43 106.59 

Hybridized NP with CCP 

(under 370 nm excitation) 

827.64 2823.13 4135.20 

Signal amplification fold 116 78 39 

      a All tests were done in the PBST buffer. b The integrated fluorescence intensity spanning the 
wavelength from 490 nm to 630 nm (area under the curve). 
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4.3.4 Signal amplification comparison of hybridized Fl-DNA in the free state 

and NP-bound state 

Under similar experimental conditions, a solution of free dsDNAT with [Fl] the same as 

that of 7DNAT–NP generated only a 14-fold signal amplification (Figure 4.4). 

Specifically, to study the FRET for free dsDNAT in solution, the hybridized DNAT  

(1×10-9 M, which corresponds to the same [Fl] of a 7DNAT/NP solution (0.1 mg/mL)) in 

2 mL of PBST buffer was added in a quartz cuvette. The Fl emission was measured upon 

excitation at 490 nm in the absence of the CCP. After addition 3.5 μL of CCP ([CCP] = 

20 µM, an amount corresponds to a charge ratio +/- of 3), the solution fluorescence were 

measured by excitation at 370 nm and 490 nm, respectively. The corresponding Fl 

emission spectra of the solutions are shown in Figure 4.4. 
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Figure 4.4 Fl emission spectra of free dsDNAT in the presence (exc @ 370 nm) and 
absence (exc @ 490nm) of CCP. Note: [dsDNAT] = 1×10-9 M, and [CCP] = 0.035 µM 
based on CCP repeat unit. 
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Monitoring Fl emission upon direct excitation in the absence and presence of CCP 

showed a 25% decrease in fluorescence intensity for the free dsDNAT solution while 

there was no obvious intensity change observed for DNAT–NP solutions. This indicates 

that Fl quenching upon DNAT–CCP complex formation is minimized with NP based 

sensor design, which is due to the limited movement and the large distance of Fl 

molecules on the NP surface (for 7DNAT–NP, on average, there is one Fl molecule every 

4500 nm2 on the surface).  

 

From the above results and the observed signal amplification dependent on number of Fl-

DNA per NP (Figure 4.3 and Table 4.1), it is possible that the higher signal amplification 

in the presence of NPs could be attributed to the increased local concentration of donor 

units. When DNAT-CCP complex is formed on NP surface, compared with that without 

NP support, CCP has the increased local concentration which is due to the complexation 

between the CCP and unhybridized ssDNA strands on the NP. Since CCP has the 

delocalized electronic backbone, exciton migration can happen along inter-polymer 

chains and intra-polymer chains on NP surface. Therefore, the increased local [CCP] can 

enable CCP donor to absorb more photon and deliver more exciton for a single acceptor 

(Fl) on NP surface, which favors FRET process and results in higher acceptor signal 

amplification relative to that without NP support. This agrees well with the observation 

that with an increased number of DNAT strands on each NP there is a decrease in signal 

amplification, as shown in Table 4.1. 
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4.3.5 Specific and sensitive DNA detection 
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Figure 4.5 Normalized emission spectra for NP hybridization with DNAT (solid line), a 
random sequence (dotted line) and a two-base mismatched sequence (dash-dotted line) 
upon excitation at 370 nm. Note: [NP] = 0.1 mg/mL and [CCP] = 0.15 µM. 
 

To evaluate probe-immobilized NPs in DNA hybridization detection, 1.5 nmol of a 

DNAT, a two-base mismatched sequence (5 -Fl-ATCTTGACTTTCTGGGTGCT-3 ) and 

a random sequence (5 -Fl-CGTACGTACGTACGTACGTA-3 ) were added separately to 

three probe-immobilized NP solutions in PBST buffer ([NP] = 1.6 mg per 2 mL), 

followed by hybridization and salt washing steps 45. Figure 4.5 shows the normalized 

fluorescence spectra for NP hybridization with the three sequences. Strong Fl emission is 

observed when in the presence of the complementary sequence, while there is almost no 

Fl signal from solutions containing random or two-base mismatched sequences. This 

result demonstrated excellent specificity of the CCP-assisted NP-supported DNA assay. 

In addition, to determine the low detection limit of the developed assay, different [DNAT] 

was tested with a standard fluorometer. With the signal amplification provided by the 

http://www.rsc.org.libproxy1.nus.edu.sg/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CC&Year=2007&ManuscriptID=b705936a&Iss=Advance_Article#fig3�
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CCP, this NP-supported assay allows detection of Fl emission for [DNAT] = 10 pM, as 

shown in Figure 4.6.  

 

 
Figure 4.6 Fl emission spectra of DNAT-NP at [DNAT] = 10 pM in the presence and 
absence of CCP ([CCP] = 0.027 µM). Note: Fl emission spectrum in the presence of CCP 
was collected upon excitation at 370 nm, and that in the absence of CCP was collected 
upon excitation at 490 nm. 
 
 
 

4.4 Conclusions 

In summary, we have developed a silica NP based assay for highly sensitive and selective 

DNA hybridization detection. The NP based sensor strategy minimizes C* self-

quenching within DNAT–CCP complexes, and excess DNA probes on the NP surface 

could complex with CCP to increase the local concentration of donor units and deliver 

excitations to C*. In addition, the homogeneous suspension of silica NPs facilitates DNA 

hybridization and meanwhile provides the advantage of solid state sensors that allow 

separation and base mismatch detection. The optimized detection system amplified a 
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fluorescence signal up to over 110-fold in real time, and allowed the detection of 10 pM 

target DNA as well as two-base mismatch discrimination. This strategy of using silica 

NP-DNA probe and fluorescent CP could be used to detect other biomolecules in bio-

analytical areas. More general, the successfully demonstrated assay indicates that 

homogeneous CP-based FRET assay could be potentially transferred to NP-supported 

format while maintaining some advantages of both homogenous solution assay and 

heterogeneous assay.  

 

Nevertheless, the high signal amplification in the developed assay is obtained with well-

controlled conditions such as matched donor/acceptor molecular orbital energy level, and 

confined fluorescence behaviors of CCP and Fl on the NP surface 82. Other attempts 

deviated these special conditions may not get ideal signal amplification of FRET from 

CCP to C* 148. Further optimization of CCP/diagnostic C* optical properties in silica NP-

supported format to favor FRET signal amplification will likely yield practical platforms 

for real time detection 82.  
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CHAPTER 5   

LABEL-FREE SINGLE-NUCLEOTIDE POLYMORPHISM 

(SNP) DETECTION USING A CATIONIC 

TETRAHEDRALFLUORENE AND SILICA 

NANOPARTICLES 

 
 

5.1 Introduction 

Sequence-specific detection of nucleic acids has become the subject of intense research in 

molecular diagnostics for both genetic and pathogenic diseases 149-151. The detection and 

analysis of a single-nucleotide polymorphism (SNP), occurring as often as every few 

hundred to few thousand base pairs in genomic DNA, is of high importance to identify 

the disease-causing genes, and for early disease diagnosis and treatment 152,153 154. 

Fluorescently labelled SNP-specific hybridization probes, such as TaqMan probes and 

the stem-loop molecular beacons have been developed to satisfy the needs for rapid and 

reliable detection of DNA mutations 155-157. The effectiveness of these probes is often 

limited by the sensitivity of the fluorescent reporters. Although multiple labels could 

provide improved detection sensitivity, the sophisticated probe design introduces 

complexity and cost 38,158,159. Extensive efforts have been directed toward the design of 

label free sequence-specific detection systems, which include electrochemical 160-163, 
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colorimetric 164, surface plasmon resonance 165,166, and magnetically assisted biobarcode 

detection 41. 

 

Fluorescent intercalator based detection is one of the classical methods that has been 

widely used to monitor DNA hybridization 167-169. Intercalation dyes, such as ethidium 

bromide (EB) and SYBR Green, can intercalate within the internally stacked bases of 

double-stranded DNA (dsDNA) which result in an increase of their fluorescence quantum 

yields 167,170,171. This type of detection is simple and effective, but it lacks specificity 

since the intercalation dye can interact with any dsDNA molecule in the solution to 

generate signals. In addition, intercalation dyes sometimes give false signals in the 

presence of single-stranded DNA (ssDNA) due to non-specific interactions 115,172,173. 

 

One strategy to improve the selectivity of the intercalator based assay is to take advantage 

of the energy transfer process, so that fluorescence resonance energy transfer (FRET) 

occurs from the donor molecule to the intercalation dye 174,175. Light harvesting cationic 

conjugated polymers (CCPs), in conjunction with reporter dyes on specific probes, have 

proven useful for strand-specific DNA detection with high detection sensitivity 

28,80,83,84,86,106,116.  The signal amplification is a result of the large absorption cross section 

and the delocalized electronic structure of the polymers, which allow efficient intra- and 

interchain FRET 25,26,29. However, FRET study between a linear CCP and EB intercalated 

into dsDNA showed poor energy transfer efficiencies 107. Time dependent anisotropy 

measurements revealed that the low FRET efficiency was due to a non-optimal 

(orthogonal) orientation between the transition dipole moment of the optically active 
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polymer backbone and that of EB within the dsDNA structure 108. Improved signal 

amplification has been demonstrated with shape-adaptable polymers, which have shown 

more conformational freedom and improved registry with the analyte shape 109.  

 

Very recently, we found that cationic tetrahedral conjugated oligomers are better energy 

donors relative to CCPs 110. The spatial registry of tetrahedral molecules is able to 

provide multiple transition dipole moment orientations relative to that of rigid one-

dimensional polymer backbone, which makes them very efficient energy donors for 

intercalated EB. In homogeneous assays in solution, the tetrahedralfluorene sensitized EB 

emission could only be used to differentiate single-stranded sequences from double-

stranded sequences. This is due to the limitation that EB could interact with any double-

stranded sequences to generate enhanced signals, and this nonselective interaction 

prevents the sequence specific and base mutation detection. Although great progress has 

been made toward improving the sensitivity of the homogeneous intercalator based 

detection, the sequence specific detection remains an issue. 

 

Meanwhile, nanoparticle (NP)-based assays have been extensively used for nucleic acid 

detection with sequence specific selectivity 18-20,176. NP-based DNA assays possess the 

advantage of solid-state sensors, which allow the separation of specific binding from non-

specific interactions to achieve sequence specific detection 45,115,177. Among various 

nanomaterials, silica NPs (100 nm in diameter) are transparent in dilute solutions and 

their optical properties do not interfere with fluorescent conjugated oligomers. In 

addition, silica materials also have versatile bioconjugation methods, and their NPs have 
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large surface-to-volume ratio facilitating the DNA probe immobilization with a high 

density. The silica NP suspension also provides a nearly homogeneous environment that 

facilitates DNA immobilization and hybridization. In this context, incorporation of the 

FRET assay into a silica NP-supported format would provide a favorable condition to 

improve the detection selectivity of homogeneous FRET DNA assay while maintaining 

the advantages of conjugated oligomer signal amplification. In Chapter 5, we report a 

simple detection scheme that takes advantage of the DNA immobilized silica NP-

supported format and a cationic tetrahedralfluorene sensitized EB emission so as to 

achieve label-free sequence specific DNA SNP detection with large signal amplification 

(Scheme 5.1). The overall detection does not require usage of complex instruments and 

could be achieved within several minutes. 

 

 
Scheme 5.1  Schematic illustration of the label-free SNP DNA detection strategy.  
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5.2 Materials and methods 

Materials   

DNA oligonucleotides, which include 5’-amine labelled DNA (DNAp), 5’-Amine-

AGCACCCACATAGTCAAGAT-3’; the target DNA with a complementary sequence 

(DNAc), 5’-ATCTTGACTATGTGGGTGCT-3’; the target DNA with single-base 

mutation (DNA1), 5’-ATCTTGACTATCTGGGTGCT-3’; the target DNA with two-base 

mutation (DNA2), 5’-ATCTTGACTTTCTGGGTGCT-3’, were purchased from Research 

Biolabs, Singapore. Tetraethoxysilane (98%, Fluka), ethanol (99.9%, Merck), ammonia 

solution (30%Wt, SINO Chemical Company), 3-aminopropyl triethoxysilane (99%, 

Aldrich), sodium chloride (99.5%, Merck), Tween-20 (Aldrich), acetonitrile (anhydrous 

99.8+%, Alfa Aesar), 2,4,6-trichloro-1,3,5-triazine (98%, Alfa Aesar), ethidium bromide 

(Aldrich), boric acid (99+%，Alfa Aesar), sodium tetraborate decahydrate (99+%，Alfa 

Aesar), sodium hydroxide (99+%, Merck), formamide (99.5+%, Alfa Aesar), and 10× 

phosphate buffer saline (PBS buffer, ultrapure grade, 1st BASE) are commercial products 

and were used as received without further purification. MilliQ water (18.2 MΩ) was used 

to prepare all the buffers. The buffer solutions in the assay include borate buffer (50 mM 

sodium borate, pH = 8.5), the hybridization buffer (1087 mM NaCl, 2.7 mM KCl, 10 mM 

phosphate buffer, 0.1% Tween-20, and 20% formamide, pH = 7.4), PBST buffer (75 mM 

PBS buffer with 0.1% Tween-20, pH = 7.4), and the washing buffer (10 mM phosphate 

buffer, 10 mM NaCl and 0.1% Tween-20, pH = 7.0). The cationic tetrahedralfluorene, 

tetrakis[4-(2-(9,9,9',9'-tetrakis(N,N,N-trimethylammoniumhexyl)-7,2'-bifluorenyl))-

phenyl]methane hexadecanebromide, was synthesized according to the literature 
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procedure 110. The molecular structures of the tetrahedralfluorene and ethidium bromide 

are shown in Scheme 5.2. 

 

Scheme 5.2  Molecular structures of the tetrahedralfluorene, ethidium bromide, and the 
sequences of DNA molecules in this study. 
 

Characterization   

The UV/Vis absorption spectra were obtained from a Shimadzu UV-1700 spectrometer. 

Photoluminescence was measured using a Perkin Elmer LS-55 equipped with a xenon 

lamp excitation source and a Hamamatsu (Japan) 928 PMT, using 90 degree angle 

detection for solution samples. The synthesized NPs were imaged using a field-emission 

scanning electron microscope (FE-SEM JEOL JSM-6700 F) after coating a thin Pt layer 

via a platinum coater. 

 

Synthesis and surface functionalization of silica NPs  

The bare silica NPs were synthesized according to the procedure described in Chapter 3. 

After that, the surface functionalization of NPs was conducted according to the reference 
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with slight modification 147. Briefly, 3-amino-propyltrimethoxysilane (~140 µL) was 

added to 1 mL of ethanol solution containing 6.4 mg of bare silica NPs. The mixture was 

reacted at room temperature for 2 h, which was followed by heating at 50 ˚C for another 

1 h. After cooling to room temperature, the NPs were centrifuged and washed with 

ethanol and acetonitrile. The obtained NPs were further reacted with 38.4 mg of 2,4,6-

trichloro-1,3,5-triazine in 1 mL of acetonitrile at room temperature for 2 h. The obtained 

NPs were centrifuged and washed successively with acetonitrile, ethanol, MilliQ water 

and finally dispersed in 170 µL of borate buffer for DNAp immobilization. 

 

Immobilization of DNA probes onto silica NPs   

DNAp (50 µL, 100 µM) was added to the as-functionalized silica NP solution (6.4 mg in 

170 µL borate buffer), which was followed by the addition of NaCl (180 µL, 2 M). The 

resulting mixture was incubated and shaken for ~16 h at room temperature. The NP 

suspension was centrifuged, and the supernatant was collected for UV/Vis absorption 

measurement. The DNAp immobilized NPs were washed with MilliQ water and then 

dispersed in MilliQ water for further use. The number of DNAp molecules immobilized 

on the silica NPs can be quantitatively calculated from the absorbance difference at 260 

nm between the DNAp solution before immobilization and the supernatant after 

immobilization and NP removal. The number of immobilized DNAp on each NP was 

calculated based on the ratio of the total number of immobilized DNAp to the total 

number of NPs in solution.  
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Hybridization of DNAp immobilized NPs  

The as prepared DNAp-immobilized NPs (1.0 mg) in MilliQ water were centrifuged and 

re-dispersed in 70 µL of the hybridization buffer. The target DNAs (30 µL of [DNAc or 

DNA1 or DNA2] = 10 µM) was added to each NP solution, and the mixture was 

incubated and shaken at room temperature for 12 h. After thorough washing to remove 

free target DNA molecules by three rounds of centrifugation with the hybridization 

buffer, the collected NPs were redispersed in 400 µL of the hybridization buffer. The 

supernatants were collected for UV/Vis analysis. The number of target DNAs captured 

by NPs can be calculated from the absorbance difference at 260 nm between the target 

DNA solutions before hybridization and the supernatants after hybridization and NP 

removal. The number of hybridized DNA molecules on each NP was calculated based on 

the ratio of the total number of captured DNA to the total number of NPs in solution. 

 

EB intercalation   

The hybridized NPs (0.4 mg) in the hybridization buffer was centrifuged and washed 

three times with a low ionic strength washing buffer. The NPs were centrifuged and then 

redispersed in 4 mL of the PBST buffer, among which 2 mL of the solution was 

transferred to a quartz cuvette. Aliquots of EB solution ([EB] = 2.54 × 10-4 M) were 

added dropwise at 4 µL each. Upon each addition, the mixture was gently shaken at room 

temperature before the fluorescence measurement. The excitation wavelength was 500 

nm and the fluorescence was collected in the range of 510-750 nm. The unbound EB 

fluorescence from the hybridized NP/EB mixtures was also monitored by measuring the 

supernatant fluorescence for each mixture after centrifugation and NP removal. The 
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bound EB fluorescence upon each EB addition is thus the difference between the overall 

mixture fluorescence and the supernatant emission. The amount of EB required for 

maximized intercalation was studied based on the bound EB fluorescence intensity 

changes at EB emission maximum (~615 nm). 

 

FRET experiments with tetrahedralfluorene   

On the basis of the optimized amount of EB required for intercalation of the hybridized 

NPs (NP-DNAp/DNAc) in PBST buffer, aliquots of tetrahedralfluorene (concentration 

based on fluorene unit, [fluorene unit] = 8 × 10-5 M) were added dropwise into the 

solution. The mixture was gently shaken at room temperature before measurement. The 

fluorescence was monitored upon excitation at 352 nm and the emission was collected in 

the range of 360-700 nm. The amount of tetrahedralfluorene added was optimized to 

achieve the maximal sensitized EB emission intensity at ~605 nm. 

 

SNP detection   

The hybridized NPs (0.2 mg of NP-DNAp/DNAc, or NP-DNAp/DNA1, or NP-

DNAp/DNA2) after washing with the low ionic strength washing buffer were dispersed in 

2 mL of PBST buffer. An amount of 24 µL of EB ([EB] = 2.54 × 10-4 M) was added to 

the NP solutions in one shot, and the solution was gently shaken at room temperature. 

The EB emission from the solutions was monitored upon excitation at 500 nm. An 

amount of 36 µL of tetrahedralfluorene ([fluorene unit] = 8 ×10-5 M) was then added to 

the solution at one shot, and the emission was monitored upon excitation at 352 nm. 
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Tetrahedralfluorene sensitized EB emission was obtained from the solution fluorescence 

after subtracting any residual tetrahedralfluorene emission tail in the EB emission region.  

 

5.3 Results and discussion 

5.3.1 Strategy for the label-free SNP DNA detection using a cationic 

tetrahedralfluorene and silica NPs 

As shown in Scheme 5.1, the overall detection could be separated into two consecutive 

stages: specific DNA recognition and signal amplification. Target hybridization to probes 

that have been pre-immobilized onto the NP surface was used to differentiate target DNA 

sequences from mismatches. Since various NP technology has been widely used for DNA 

and protein detection 141,176,178, standard DNA hybridization protocol and washing steps 

that have been well documented in the literature have been directly adopted to maximize 

the sequence recognition specificity. The signal amplification is also performed 

according to the protocols developed in our group 28,80,83,84,106. 

 

The general detection scheme (Scheme 5.1) contains DNAp (shown in green) 

immobilized NPs, an intercalating dye (EB), and a cationic tetrahedralfluorene molecule 

(shown in blue). The DNAp-NP is first prepared by immobilization of amine-terminated 

DNAp onto silica NPs. The recognition is accomplished by sequence-specific 

hybridization between the DNAp on the silica NPs and the targets of interest (the 

complementary sequence DNAc, shown in red, one-base or two-base mismatched 

sequences DNA1 or DNA2, shown in purple), which is followed by salt washing steps to 

retain the complementary sequence. After subsequent treatment of intercalation dyes 
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(EB), the cationic tetrahedralfluorene is added, which could be electrostatically 

associated with the DNA molecules on the NP surface. In the case of complementary 

DNA, addition of DNAc results in the formation of a double helix (NP-DNAp/DNAc) and 

the intercalation of EB within the duplex structure. Excitation of the tetrahedralfluorene 

leads to energy transfer from tetrahedralfluorene to EB, resulting in the sensitized EB 

emission. In the case of non-complementary sequences, the hybridization products can 

not sustain the salt washing step. Little or no EB intercalation is possible. The distance 

between the tetrahedralfluorene and EB remains too large for efficient energy transfer.  

 

5.3.2 Preparation of DNA immobilized silica nanoparticles 

Silica NPs were first synthesized using a modified Stöber method via a seeded growth 

process 126. The seeded method provides the uniform silica NPs (~100 nm in diameter) 

with a narrow size distribution (FE-SEM images shown in Figure 3.2 and Figure 3.3). We 

are particularly interested in silica NPs in the 100 nm size range since they are 

transparent in dilute solutions and their optical properties do not interfere with those of 

fluorescent molecules. Based on the size and the density of silica (1.96 g/cm3), we 

estimate that 1.0 mg of the synthesized NPs contain ~ 1 × 1012 number of NPs 179.  

 

The prepared NP surface was functionalized by silane followed by triazine activation, 

and ready for immobilization of amine-modified DNAp. The successful immobilization 

of DNAp on the NP surface was observed from the absorbance difference between the 

DNAp solution before immobilization and the supernatant after immobilization. A surface 

coverage density was determined to be ∼320 DNAp/NP, which is comparable to the 
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surface coverage of the oligonucleotide immobilized on the carboxylic acid 

functionalized silica NPs reported by Mirkin et al 180. 

 

5.3.3 Salt-wash assisted DNA detection using NP-DNA bioconjugate 

After the surface immobilization, incubation of the DNAp immobilized NPs (NP-DNAp) 

with the target DNA sequences (DNAc, DNA1, or DNA2) in the hybridization buffer led 

to the formation of DNA duplexes on the NP surface. The degree of hybridization varied, 

dependent on the sequence of the target DNA molecules. The extent of hybridization 

between NP-DNAp and the complementary DNAc was measured from the absorbance 

difference between the DNAc solution before hybridization and the supernatant after 

hybridization and NP removal, which corresponds to ∼140 ± 15 DNAc/NP-DNAp based 

on three batches of hybridization. Therefore, ∼43 ± 4% of the surface immobilized DNAp 

molecules participated in the hybridization with DNAc. This number is comparable to the 

previous report, where a hybridization of ∼40% was reported for oligonucleotide 

immobilized on the surface of silicon wafers 181. Under similar hybridization condition, 

about 30% of the surface immobilized DNAp could hybridize with DNA1.  

 

The SNP detection is conventionally achieved through thermal-stringent washing steps, 

which is based on the fact that the melting point of mismatched DNA is lower than that 

of the perfectly matched DNA 182. The thermal assisted SNP detection method is 

generally time-consuming and is not suitable for NP based assay since the particles may 

not be stable at a high temperature. However, the duplex stability is known to be sensitive 

to the ionic strength of the solutions. Since DNA strands are negatively charged, cations 
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are required to screen the Coulomb repulsion that could prevent the dsDNA duplex 

formation. Recently, Mirkin and coworkers demonstrated that mismatched DNA is much 

more susceptible to solutions of low ionic strength than perfectly matched DNA 45. 

Although this strategy was first demonstrated for gold NP based assays, recently, the 

same strategy has also been applied for a magnetically assisted assay for SNP detection 

115. Here, we performed the salt washing steps in order to selectively destabilize the 

imperfect duplexes containing single nucleotide mismatches. A low ionic strength 

washing buffer was used to wash all the hybridized particles.  We assume that the DNA 

sequences containing a SNP could be largely removed during the salt washing steps, 

while majority of the complementary sequence remains bound on the NP surface. The 

selectivity will be evaluated from the EB fluorescence in solution. 

5.3.4 Optimization of ethidium bromide (EB) intercalation  

0

1

2

3

4

5

6

7

8

0 1 2 3 4 5 6

PL
 In

te
ns

ity
 (a

.u
.)

[EB] (10-6 M)  

Figure 5.1 The bound EB emission intensities for NP-DNAp (shown in circles) and NP-
DNAp/DNAc (shown in squares) in PBST buffer as a function of [EB] upon 500 nm 
excitation. [NP] = 0.1 mg/mL. 
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The intercalation of EB into NPs (after salt washing) was studied by varying the 

concentration of EB in the NP-DNAp/DNAc solution. The EB emission from the solution 

containing DNAp-NP with increased amount of EB was also studied.  Figure 5.1 shows 

how the EB emission intensity for the NP-DNAp/DNAc and DNAp-NP solutions changes 

with the addition of EB. For both solutions, there is an increase in EB emission with the 

increased amount of EB added. At the low concentration range of EB ([EB] = 0-3 µM), 

the increase of EB emission for NP-DNAp/DNAc solution is faster than that for the 

DNAp-NP solution. The higher intensity for NP-DNAp/DNAc solution indicates the 

intercalation of EB with the dsDNA duplex, which in turn results in fluorescence 

enhancement 167. The maximum difference in EB emission is observed at [EB] ∼3 µM, 

after which the difference is nearly constant. This observation indicates that the saturation 

of the EB intercalation for NP-DNAp/DNAc occurs at [EB] ∼3 µM, after which the 

increase in EB intensity is due to the non-specific interaction between EB and the DNAp 

immobilized NP. During EB intercalation, a relatively high ionic strength buffer (75 mM) 

was used to avoid the secondary binding of EB on the outside of the DNA helix, which 

was reported to occur when the ionic strength of the solution is less than 0.01 M 183. 
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5.3.5 Spectrum overlap between the emission of the tetrahedralfluorene and 

the absorbance of EB 
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Figure 5.2 The absorption (solid line) and photoluminescence spectra (dashed line) of the 
cationic tetrahedralfluorene and EB (line with crosses) in PBST buffer. The excitation 
wavelength is 352 nm for the tetrahedralfluorene and 500 nm for EB. 
 

As shown by Förster, dipole-dipole interactions lead to long-range energy transfer from a 

donor chromophore to an acceptor chromophore 79. The energy transfer rate is dependent 

on the donor-acceptor distance, the orientation between the dipole moment of the donor 

and the acceptor, and the spectral overlap 79. The spectral overlap describes how the 

donor emission overlaps with the absorption of the acceptor. The absorption and 

photoluminescence spectra of the cationic tetrahedralfluorene and EB in PBST buffer are 

shown in Figure 5.2. There is a good spectral overlap between the emission of the 

tetrahedralfluorene and the absorption of EB, which should favor FRET. 
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5.3.6 FRET sensitized EB emission with different tetrahedralfluorene 
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Figure 5.3 The intensity of EB emission at 605 nm for NP-
DNAp/DNAc/EB/tetrahedralfluorene as a function of [fluorene unit]. Measurement was 
done in PBST buffer upon 352 nm excitation. [NP] = 0.1 mg/mL, and [EB] = 3.0 µM.  
 

With optimized amount of EB (3 µM) in NP-DNAp/DNAc  solution ([NP] = 0.2 mg in 2 

mL of PBST buffer), the cationic tetrahedralfluorene was added to serve as the energy 

donor for sensitized EB emission. As shown in Figure 5.3, initial addition of the 

tetrahedralfluorene causes an immediate rise of EB intensity. The most intense FRET 

signal was observed at a concentration of [fluorene unit] = 1.4 µM, which corresponds to 

the charge ratio (+/-) close to 2. Here “+” refers to all the positive charges from 

tetrahedralfluorene, and “-” refers to all the negative charges from the NP-DNAp/DNAc, 

assuming the salt washing does not affect the number of DNAc on the NP surface. Upon 

further addition of the tetrahedralfluorene, the FRET signal shows a tendency to decrease. 

As reported earlier 107,184, the co-existence of intercalated EB and cationic molecules 
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might lead to EB displaced from dsDNA due to the electrostatic repulsion between 

tetrahedralfluorene and EB since EB has a low binding affinity (~105 M-1) upon 

intercalation with dsDNA 185. In addition, under charge neutralization, the DNA 

molecules could also collapse into packed forms and prevent EB intercalation 186. As a 

consequence, the condition of [fluorene unit] = 1.4 µM, which corresponds to the 

maximized EB emission, has been selected for SNP detection experiments.  

 

5.3.7 Label-free SNP DNA assay with high signal amplification 

The NP based SNP detection in the presence and in the absence of the cationic 

tetrahedralfluorene was studied and the results are shown in Figure 5.4. In the absence of 

the tetrahedralfluorene, although EB emission from NP-DNAp/DNAc/EB is the highest, 

the intensity is about 2.5-fold higher than that from the NP-DNAp/DNA1/EB, and about 

4-fold higher than that from the NP-DNAp/DNA2/EB. As shown in the inset of Figure 

5.4, the absolute intensity from NP-DNAp/DNAc/EB is rather low and the difference 

between complementary and non-complementary strands is small which can easily bring 

false-positive information. Similar results have been observed before when a dT20 

sequence was immobilized on an optical fiber 187. Upon hybridization with dA20 and 

intercalation with EB, the signal from dsDNA is 40-60% higher than that from the 

dT20/EB. Such a poor sensitivity is due to the high background signal and the partial 

association of the positively charged EB with negatively charged ssDNA. Although the 

overall detection performance is not very satisfactory, the difference in signal between 

NP-DNAp/DNAc/EB and NP-DNAp/DNA1/EB indicates the effectiveness of the salt 

washing steps. 
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Figure 5.4 The maximum EB emission intensity from solutions containing NP-
DNAp/DNAc/EB, NP-DNAp/DNA1/EB, and NP-DNAp/DNA2/EB in the presence (bar 
with shadow) of the tetrahedralfluorene. The bound EB emission intensity from the same 
solutions in the absence of tetrahedralfluorene is shown with the empty bar and is 
enlarged in the inset. Measurement was done in PBST buffer, with [NP] = 0.1 mg/mL, 
[EB] = 3.0 µM and [fluorene unit] = 1.4 µM. Excitation was at 352 nm for 
tetrahedralfluorene and 500 nm for EB. 
 

Upon addition of the cationic tetrahedralfluorene, the difference in EB emission could be 

easily used to identify the target DNA molecules with different sequences. As shown in 

Figure 5.4, as compared to the solutions containing nonperfectly matched DNA targets, 

EB emission predominates when in the presence of NP-DNAp/DNAc/EB complexes. 

Under excitation at 352 nm, the tetrahedralfluorene sensitized emission is approximately 

35-fold greater than that upon direct excitation of EB at 500 nm in the absence of the 

tetrahedralfluorene, indicative of FRET signal amplification provided by the tetrahedral 

molecule. In contrast, NP suspension containing SNP (NP-DNAp/DNA1/EB) has shown 

an intensity which is about 20% as that for the NP-DNAp/DNAc/EB. There is only very 
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weak fluorescence observed from the NP-DNAp/DNA2/EB. When one compares the 

detection in the presence and in the absence of the tetrahedralfluorene, it is obvious that 

there is an improvement for both detection sensitivity and selectivity when 

tetrahedralfluorene is used as the energy donor. Since the tetrahedralfluorene can only 

provide signal amplification to EB that has been intercalated within the dsDNA duplexes, 

the improved selectivity simply indicates the reduced background signal contribution to 

the overall intensity. These data demonstrate that the developed label-free DNA detection 

strategy is effective in differentiation of target DNA with different sequences.  

 

 

5.4 Conclusions 

In summary, we present a simple and efficient silica NP based platform with optically 

enhanced signals that allows label-free sequence-specific DNA detection with SNP 

selectivity. The signal transduction is achieved by a combination of two recognition 

events, i.e. the specific base pair recognition between the probes immobilized on the NP 

surface and the targets, and the electrostatic interaction between the tetrahedralfluorene 

and the DNA duplex that allows EB intercalation. Salt washing has proved to be effective 

in improving NP based SNP detection selectivity. The introduction of tetrahedralfluorene 

molecule as an energy donor significantly enhances the fluorescence signal of the 

intercalated EB, and the demonstrated signal amplification could be used in more 

circumstances to solve the background and sensitivity limits of the traditional NP based 

assay.  As compared to the solution based homogeneous assay, which cannot offer 

sequence specific detection, this method provides a fast detection of oligonucleotides 
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with high signal amplification and SNP selectivity and opens up the possibilities for 

future development of integrated and portable devices for diagnostics or forensic 

investigations. 

 

Nevertheless, during salt washing step in order to selectively destabilize the duplexes 

containing mismatched bases, the ionic strength of the washing buffer is not optimized. 

We directly use a low ionic strength washing buffer (10 mM phosphate buffer, 10 mM 

NaCl and 0.1% Tween-20, pH = 7.0) to wash all the hybridized particles, which may not 

be the best condition. Variation of washing buffer ionic concentration is needed to learn 

more about the effect of ionic strength on DNA duplex stability on silica NP surface. By 

doing so, we may further improve the detection signal/noise ratio and obtain higher 

selective DNA assay. 
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CHAPTER 6   

AMPLIFIED FLUORESCENCE TURN-ON ASSAY FOR 

MERCURY(II) DETECTION AND QUANTIFICATION 

BASED ON CONJUGATED POLYMER AND SILICA 

NANOPARTICLES 

 
 

6.1 Introduction 

Recognition and detection of mercury ions (Hg2+) and its derivatives is of vital 

importance because of their high toxicity and adverse effects on the environment and 

human health 188,189. Different strategies for the analysis of Hg2+ have been developed, 

and the majority are based on fluorescence and colorimetric methods. Fluorescent Hg2+ 

sensors offer simple and rapid detection of mercury ions in environmental and biological 

samples. Most fluorescence based Hg2+ detection utilizes small organic molecules either 

in organic solution 190-193, or in aqueous solution 194-197. Other detection strategies are also 

reported on the basis of nanoparticles 198,199, conjugated polymers (CP) 99,100, DNAzymes 

200,201, foldamers 202,203, proteins 204,205, and oligonucleotides 206-209. 

 

The complexation of metal ions with nucleotide purine and pyrimidine bases has attracted 

research interest recently 206-212. The specific interaction between thymine-mercury(II)-

thymine (T-Hg2+-T) has been widely used for Hg2+ detection 101,206-209,213-216. A doubly 
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labelled Hg2+ specific probe was firstly reported to detect Hg2+ based on Hg2+ induced 

probe folding which brought the dye (fluorescein) and the quencher (dabcyl) into close 

proximity to favor intramolecular energy/electron transfer206. A colorimetric assay based 

on the absorption change of a cationic polythiophene responding to Hg2+ induced 

oligonucleotide folding was subsequently reported 101. Recently, an oligonucleotide-gold 

nanoparticle (Au NP) based assay was developed 213, which took advantage of the higher 

melting temperature for duplexes containing T-Hg2+-T complexes as compared to that for 

duplexes with T-T mismatches. By introducing an appropriate complementary linker and 

more T-T mismatches to the DNA probes immobilized on the Au NPs, a room 

temperature colorimetric method was subsequently reported 214. Very recently, two 

strategies for amplified detection of Hg2+ have also been reported. One was operated on 

the allosteric T-Hg2+-T formation induced activation of a UO2
2+-dependent DNAzyme 215, 

and the other was relied on T-Hg2+-T formation induced activation of a DNA machine 216. 

 

Fluorescent conjugated polymers (CPs) as optically sensitive materials have been widely 

used in chemical and biological sensors 26-28,86,217. Their large absorption cross section 

and delocalized electronic backbone structure allow efficient light-harvesting and rapid 

intrachain and interchain energy transfer 25,26,28,29,218. This results in huge signal 

amplification upon molecular-recognition events, and imparts the CP-based sensor high 

sensitivity, which offers a key advantage over small molecule counterparts. More often, 

CP-based Hg2+ detection were conducted in organic solution. For example, Fan et al. 

reported a PPETE conjugated polymer functionalized with N,N,N’-

trimethylethylenediamino groups and used it for a turn-on Hg2+ detection in organic 
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solution 98. Tang et al. also gave a report on a polythiophene containing thymine moieties 

for Hg2+ detection 99. Although good performance with high sensitivity and selectivity 

was achieved in the above studies, this type of detection used neutral CP and its operation 

was conducted only in organic medium. In response to the restriction of detection in 

organic medium, water-soluble CP-based assays have been developed for heavy metal 

ion detection 26. For instance, Bunz and coworker developed a Hg2+ assay in aqueous 

solution using a carboxylate-substituted poly(para-phenyleneethynylene) and a papain 

protein which contained Hg2+-responsive sulfhydryl groups 100. However, the above 

sensor worked only in the turn-off mode, and small environmental perturbation might 

affect the detection specificity. Instead of the turn-off detection, a turn-on assay in 

aqueous solution was recently reported by Liu et al 101. The authors made use of a 

cationic conjugated polymer and a mercury-specific oligonuleotide (sequence: 5’-

CATTTCTTTCTTCCCCTTGTTTGTTTCA -3’) to detect Hg2+ in aqueous solution. This 

assay was conducted in a label-free detection style, and achieved the lowest detection 

limit down to 42 nM for Hg2+ with high selectivity relative to other metal ions such as 

Ca2+, Mg2+, Pb2+, Cu2+, Zn2+, Mn2+, and Co2+ ions. Nevertheless, the developed assay was 

conducted in homogeneous solution, and environmental perturbation may affect its 

detection selectivity.  

 

In a meanwhile, nanoparticle(NP)-based assays have been applied to a wide variety of 

applications 96,115,146. As the solid-state support, probe-immobilized NPs allow the 

separation of specific binding from nonspecific interactions to improve assay selectivity. 

Among various nanomaterials, silica NPs (100 nm in diameter) are transparent in dilute 
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solutions and their optical properties do not interfere with fluorescent conjugated 

polymers. Silica materials also have versatile bioconjugation methods, and their NP 

suspension provides a nearly homogeneous environment that facilitates probe 

immobilization and recognition. In this sense, incorporation of the CP FRET assay into a 

silica NP-supported format would provide a favorable condition to improve the detection 

selectivity of CP-based homogeneous assay while maintaining the advantages of CP 

signal amplification. In Chapter 6, by taking advantage of the signal amplification of 

cationic conjugated polymers (CCPs) and the specific T-Hg2+-T interaction on the NP 

surface, we report an amplified fluorescence turn-on assay for mercury(II) detection and 

quantification in aqueous medium. 

 

6.2 Materials and methods 

Materials  

The cationic conjugated polymer was synthesized according to a previous report 80. DNA 

oligonucleotides were purchased from Research Biolabs (Singapore) with the sequences 

of 5’-NH2-GTGACCATTTTGCAGTG-3’ and 5’-fluorescein (Fl)-

CACTGCATTTTGGTCAC-3’. Tween-20, sodium nitrate, silver nitrate was purchased 

from (Sigma Aldrich). Other metal salts used in this work are: Na(OAc), Hg(OAc)2, 

MgSO4, Co(NO3)2, Ni(OAc)2, Ba(OAc)2, K(OAC),  Pb(NO3)2, and Cd(SO4). Phosphate 

buffered saline (10× PBS buffer, ultrapure grade, 1st BASE) is a commercial product. 

The hybridization buffer is home-prepared 150 mM PBST buffer which contains 137 mM 

NaCl, 2.7 mM KCl, 10 mM phosphate and 0.1% Tween 20 (pH = 7.4). The acetate buffer 
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contains 140 mM sodium nitrate and 10 mM sodium acetate (pH = 7.1). The 25 mM 

PBST buffer is 25 mM PBS with 0.1% Tween-20 (pH = 7.2). MilliQ water (18.2 MΩ) 

was used to prepare all buffer solutions. The stock solution of Hg2+ (2 mM) was prepared 

by dissolving 6.78 mg of Hg(OAc)2 in 10.64 mL acetate buffer with few droplets of 

concentrated HNO3. Other metal ion stock solutions (2 mM) were prepared by dissolving 

metal salts in the acetate buffer. 

 

Characterization  

The concentration of DNA was determined by measuring the absorbance at 260nm using 

a Shimadzu UV-1700 spectrometer. Photoluminescence (PL) or fluorescence was 

measured using a Perkin Elmer LS-55 equipped with a xenon lamp excitation source and 

a Hamamatsu (Japan) 928 PMT, using 90 degree angle detection for solution samples. 

All spectra were measured in 25 mM PBST buffer. The as-prepared NPs were imaged 

using a field-emission scanning electron microscope (FE-SEM JEOL JSM-6700 F) after 

coating a Pt layer (~5 nm in thickness) via a platinum coater (JEOL JFC-1300, Auto Fine 

Coater).  

 

Hybridization of DNA-immobilized NPs  

Bare silica NPs and DNA immobilized NPs were prepared according to our previous 

report 219. The ssDNA-NPs were washed twice with the hybridization buffer before 

hybridization. Fl-labelled oligonucleotide was then added to the ssDNA-NP solution in 

hybridization buffer ([Fl-DNA] = 1 µM, [NP] = 0.8 mg/100 µL). The mixture was shaken 

at room temperature for 2 h. After incubation, the suspension was centrifuged, and the 
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precipitate was washed with hybridization buffer while the supernatant was kept for 

fluorescence analysis. Finally, the hybridized dsDNA-NPs were dispersed in the 

hybridization buffer.  

 

Ion incubation  

The as prepared dsDNA-NP was transferred from the hybridization buffer to the acetate 

buffer, and packed into different tubes. Different amount of Hg2+ or the nonspecific ion 

mixture (including eight different ions, each has the same concentration as that of Hg2+) 

in acetate buffer was added into the dsDNA-NP solutions, which were followed by 

shaking at room temperature for 45 minutes. After ion incubation, the above solutions 

were centrifuged and the residues were dispersed in acetate buffer. 

 

Thermal wash  

The Hg2+ or nonspecific ion treated dsDNA-NP was dispersed into the acetate buffer to 

yield a NP concentration of 0.1 mg/500 µL. The samples were then loaded into an 

incubator (45 °C, 1200 rpm) for 15 minutes. The treated DNA-NPs were centrifuged 

immediately. The residue was washed with hybridization buffer once, and then dispersed 

into 25 mM PBST buffer for PL measurement. 

 

Fluorescence measurement and analysis  

To study the selectivity of NP based sensor for Hg2+ detection, 0.1 mg of the hybridized 

NPs (after ion incubation and thermal wash) was dispersed in 1 mL of 25 mM PBST 

buffer in a 1.5 mL PMMA cuvette. The solution fluorescence was measured upon 
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excitation of Fl at 490 nm. CCP was then added dropwise to the metal ion treated NP 

solution. The emission spectra were collected again upon excitation of the CCP at 370 

nm. Similar procedures have been used for assay sensitivity study.  

 
 

6.3 Results and discussion 

6.3.1 Strategy for the fluorescence turn-on mercury(II) assay based on 

conjugated polymers and silica NPs 

The Hg2+ detection method is shown in Scheme 6.1. The assay begins with probe (NH2-

DNA, 5'-NH2-GTGACCATTTTGCAGTG-3’) immobilized silica nanoparticles (NPs) in 

solution. After hybridization with fluorescein (Fl) labelled DNA (Fl-DNA, 5’-Fl-

CACTGCATTTTGGTCAC-3’), double-stranded DNA (dsDNA) containing three pairs 

of T-T mismatches is formed on the NP surface. The recognition is accomplished by 

Hg2+-specific coordination between the T-T mismatches on the silica NPs (Hg2+, shown 

in oval; non-specific ions, shown in triangle). In the presence of Hg2+, T-Hg2+-T 

complexation increases the melting temperature (Tm) of the resulting duplex, and Fl-DNA 

remains on the NP surface during thermal wash. In contrast, the non-specific ions can not 

form stable metal-DNA complex, and the duplex will denature during thermal wash, 

leaving weak or no fluorescent signals on the NP surface. In the final step, addition of 

CCP leads to amplified fluorescence signal of the Fl-DNA remained on the NP surface. 
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Scheme 6.1  Schematic illustration of a CCP-amplified fluorescence turn-on sensor for 
mercury(II) detection. 
 

The CCP (structure shown in Scheme 6.1) and Fl used in this study were selected to have 

matched molecular orbital energy levels and good spectral overlap so that efficient FRET 

could occur 80. Monodispersed silica NPs (~100 nm in diameter, FE-SEM images shown 

in Figure 3.2 and Figure 3.3) were chosen to allow separation and washing steps. The 

synthesis and modification of NPs are according to the previous report 219. The probe pair 

of 5’-Fl-CACTGCATTTTGGTCAC-3’ and 5’-NH2-GTGACCATTTTGCAGTG-3’ is 

specially chosen to allow efficient hybridization and meanwhile a large difference in Tm 

for the duplex before and after Hg2+ treatment. According to the previous report 210, the 

duplex with three pairs of T-T mismatch has a melting temperature of 43 oC, which 

increases to 61 oC upon treatment with excess Hg2+. At 45 oC, there is no denaturation 

observed for the duplex containing three pairs of T-Hg2+-T, while the duplex with three 
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T-T mismatches is almost completely denatured 210. This result allows us to conduct 

thermal wash at 45 oC to selectively remove the hybridized Fl-DNA molecules from the 

NP surface in the presence of non-specific ions. 

 

6.3.2 Preparation of hybridized DNA-NP bioconjugate 

The oligonucleotide modified NPs have ∼110 NH2-DNA molecules on each NP. The 

number of DNA is calculated from the absorbance difference at 260 nm for the DNA 

solution before immobilization and the supernatant after immobilization, considering that 

1.0 mg of 100 nm NPs contain ~1 × 1012 number of NPs 219. After hybridization and 

centrifugation, the extent of hybridization is measured from the fluorescence difference 

between the Fl-DNA solution before hybridization and the supernatant after hybridization. 

On the average, there are ∼64 Fl-DNA molecules captured by a single ssDNA-NP, which 

corresponds to a hybridization efficiency of ~60%. For 0.1 mg dsDNA-NP in 100 µL 

solution, the Fl-DNA has a concentration of ~0.103 µM, hence the perfect formation of 

three pairs of T- Hg2+-T within each duplex requires at least ~0.31 µM [Hg2+]. The 

hybridized NPs (dsDNA-NP) are further used for metal ion detection. 

 

6.3.3 Fluorescence mercury(II) assay using the hybridized DNA-NPs 

We first investigated the Fl emission of metal ion treated NP solution after thermal wash 

at 45 °C. Upon excitation at 490 nm, the Fl showed an emission maximum at 522 nm in 

25 mM PBST buffer (Figure 6.1). Figure 6.2 shows the Fl emission intensity at 522 nm 

for dsDNA-NP suspensions (0.1 mg/mL) after the NPs were treated with different metal 
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ions at different concentrations, which was followed by thermal wash at 45 °C. The metal 

ions include Hg2+ and the nonspecific ion mixture, which contains Ag+, Mg2+, Co2+, Ni2+, 

Ba2+, K+, Pb2+, and Cd2+ with each ion of the same concentration as that of Hg2+. As 

shown in Figure 6.2, a sigmoidal working curve for Hg2+ in the concentration range of 

0.1 µM to 3 µM is observed. The maximum transition in Fl emission intensity is 

observed at [Hg2+] ~0.31 µM, where the [Hg2+] is nearly three-fold as that for the 

concentration of DNA duplex (each probe contains three Hg2+ binding cites) bound to 

NPs, indicating nearly perfect formation of three pairs of T-Hg2+-T within each duplex. 

Further decrease of the [Hg2+] to lower than 0.1 µM resulted in large variations in Fl 

fluorescence intensity, which was not shown in the curve. When the same experiment 

was done for the nonspecific ion mixture, the solution fluorescence intensity was about 

one third as compared to that in the presence of Hg2+. In addition, the solution 

fluorescence intensity did not change obviously with ion mixture concentrations. Direct 

excitation of the NH2-DNA immobilized NPs with the same concentration as that of the 

dsDNA-NP (0.1 mg/mL) reveals that the solution fluorescence in the absence of Hg2+ is 

mainly from the silica NPs. We also compared the dsDNA-NP treated by Hg2+ (Hg2+: 0.3 

µM) and the one treated by mixed ions including Hg2+ (Hg2+: 0.3 µM; non-specific 

mixture of Ag+, Mg2+, Co2+, Ni2+, Ba2+, K+, Pb2+ and Cd2+: 3 µM for each ion). The 

results of the two treatments are similar to each other (see Figure 6.1), suggesting the 

selectivity of the assay for Hg2+. Although comparison of the NP solution fluorescence 

intensity in the presence and absence of Hg2+ (shown in Figure 6.2) indicates the 

selectivity of the assay for Hg2+ detection, the absolute solution fluorescence intensity is 

rather low and the difference between Hg2+ and other metal ions is small. 
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Figure 6.1 Fl emission spectra of metal ion treated dsDNA-NP in 25 mM PBST buffer 
upon excitation of FL at 490 nm, which showed a maximum emission peak at 522 nm. 
[Hg2+] = 0.3 µM, non-specific ion mixture of Ag+, Mg2+, Co2+, Ni2+, Ba2+, K+, Pb2+ and 
Cd2+: 3 µM for each ion. [NP] = 0.1 mg/mL. The result of treatment by Hg2+ is shown in 
dots, and the treatment by mixed ions including Hg2+ is shown in circles. 
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Figure 6.2 The maximum fluorescence intensity at 522 nm for dsDNA-NP suspensions as 
a function of metal ion concentration after thermal wash at 45 °C. Hg2+ is shown in solid 
circles and the mixture of Ag+, Mg2+, Co2+, Ni2+, Ba2+, K+, Pb2+ and Cd2+ is shown in 
hollow circles. Each metal ion has the same concentration as that of Hg2+. Measurement 
was done in 25 mM PBST buffer upon excitation of Fl at 490 nm. [NP] = 0.1 mg/mL. 
The data are the average of three independent measurements with error bars indicated. 
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6.3.4 Conjugated polymer sensitized fluorescence mercury(II) detection 

We then employed the CCP to amplify the Fl signal of metal ion treated NP solutions 

(0.1 mg/mL). For each solution, different amount of CCP was added until the Fl emission 

intensity reached the maximum through FRET. Upon excitation of the polymer at 370 nm, 

the maximum Fl emission wavelength was observed at 531 nm (see Figure 6.3), which 

was slightly red-shifted by 9 nm as compared to that upon direct excitation of Fl at 490 

nm (see Figure 6.1). Figure 6.4 shows the polymer sensitized Fl emission intensities at 

531 nm for NP solutions treated with metal ions (Hg2+ or the ion mixture) in the 

concentration range of 0.1 to 3 µM. In comparison with the Hg2+ detection under direct 

excitation of Fl at 490 nm (Figure 6.2), the polymer sensitized detection also shows a 

similar sigmoidal working curve with the maximum transition in Fl emission intensity 

occurred at [Hg2+] of ~0.31 µM. However, for each solution, the polymer sensitized Fl 

emission intensity is ~20 fold higher than that upon direct excitation of Fl at 490 nm in 

the absence of the polymer, indicating signal amplification provided by the CCP. On the 

other hand, the polymer sensitized fluorescent signal from NP treated with nonspecific 

ion mixtures remains weak. The low signal for non-specific ions is due to the limited 

number of Fl-DNA remained on the NP surface after thermal wash. When one compares 

Figure 6.2 and Figure 6.4, the presence of CCP amplifies the detection signal, and the 

intensity ratio of non-specific ions relative to specific mercury(II) decreases from ~1/3 

(without CCP) to ~1/6 (with CCP). Therefore, there is an obvious improvement in 

detection selectivity when the CCP is used as the energy donor (Figure 6.4). 

 



Chapter 6 

108 

 
Figure 6.3 Polymer sensitized Fl emission spectrum for Hg2+ treated dsDNA-NP in 25 
mM PBST buffer upon excitation of CCP at 370 nm, which shows an emission maximum 
at 531 nm. Measurement was done with [NP] = 0.1 mg/mL and [Hg2+] = 0.31 µM. 
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Figure 6.4 The CCP sensitized Fl emission intensity at 531 nm for dsDNA-NP 
suspensions as a function of metal ion concentration after thermal wash at 45 °C. Hg2+ is 
shown in solid circles and the mixture of Ag+, Mg2+, Co2+, Ni2+, Ba2+, K+, Pb2+ and Cd2+ 
is shown in hollow circles. Each metal ion has the same concentration as that of Hg2+. 
Measurement was done in 25 mM PBST buffer upon excitation of CCP at 370 nm. [NP] 
= 0.1 mg/mL. The data are the average of three independent measurements with error 
bars indicated. 
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6.3.5 Fluorescence mercury(II) detection at [Hg2+]/[DNA duplex] = 3/1 

To understand the sigmodial working curve of the Hg2+ assay, Hg2+ detection 

experiments were conducted by simultaneously varying the concentration of Hg2+ and NP, 

while keeping [Hg2+]:[DNA duplex] = 3:1. A linear curve for Fl emission intensity at 522 

nm vs. [Hg2+] is observed upon direct excitation of Fl at 490 nm in the absence of the 

polymer (Figure 6.5). On the other hand, upon addition of the CCP to solutions 

containing NPs treated with different concentrations of Hg2+ ([Hg2+]:[DNA duplex] = 

3:1), the polymer sensitized maximum Fl emission spectra are shown in Figure 6.6. The 

corresponding Fl emission intensity at 531 nm vs. [Hg2+] is shown in Figure 6.7. A linear 

relationship between the solution fluorescence intensity and [Hg2+] was observed in the 

concentration range of 0 to 465 nM. Based on the signal over noise ratio (S/N>3), we 

thus estimate that the detection limit could reach as low as ∼5 nM. However, this strategy 

requires the prerequisite of [Hg2+]:[DNA duplex]  ≥ 3:1, which is not practical for Hg2+ 

detection in unknown samples. 
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Figure 6.5 The Fl emission intensity at 522 nm for Hg2+ treated dsDNA-NP as a function 
of [Hg2+]. The assay simultaneously varies [Hg2+] and [NP] while keeping the 
[Hg2+]:[DNA duplex] = 3:1. Measurement was done in the 25 mM PBST buffer upon 
excitation of Fl at 490 nm. The data are the average of three independent measurements 
with error bars indicated.  
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Figure 6.6 The CCP sensitized maximum Fl emission spectra for dsDNA-NP upon 
treatment with different [Hg2+] after thermal wash at 45 °C. Inset: the enlarged spectra at 
low [Hg2+]. The assay simultaneously varies [Hg2+] and [NP], while keeping 
[Hg2+]:[DNA duplex] = 3:1. Measurement was done in 25 mM PBST buffer upon 
excitation at 370 nm.  
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Figure 6.7 The maximum Fl emission intensity at 531 nm as a function of [Hg2+]. Inset: 
the enlarged figure at low [Hg2+] range. The assay simultaneously varies [Hg2+] and [NP], 
while keeping [Hg2+]:[DNA duplex] = 3:1. Measurement was done in 25 mM PBST 
buffer upon excitation at 370 nm. The data are the average of three independent 
measurements with error bars indicated. 
 

The linear response between the Fl emission intensity vs. [Hg2+] is thus dependent on 

whether all three Hg2+ binding cites in each probe are simultaneously involved in T-Hg2+-

T formation. While a sigmoidal working curve is obtained for random distribution of 

Hg2+ among the multiple binding sites in mercury-specific probes. A similar sigmoidal 

working curve was also reported for many other assays for Hg2+ detection. For doubly 

labelled mercury-specific probes 206, the response of the probe to Hg2+ was slow at the 

initial stage, which was ascribed to several Hg2+ ions binding to one probe molecule to 

induce the conformational change. For the DNAzyme-based assay 215, Hg2+ sensing was a 

cooperative process since Hg2+ is bound to multiple binding sites of DNAzyme, and the 

cleavage of the DNAzyme was estimated to occur when two out of five Hg2+ binding 

sites were bound to Hg2+. For the room temperature Au NP based colorimetric assay 
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214,[13] competition between the polyT probe hybridization and T-Hg2+-T complexation 

easily led to random distribution of Hg2+ along the probe. On the other hand, Mirkin’s 

group has developed an assay which uses an oligonucleotide probe containing only a 

single Hg2+ binding site for Hg2+ detection 213. This assay allowed specific Hg2+ binding 

to form T-Hg2+-T complex and resulted in a linear working curve for [Hg2+] ranging from 

0 to 2.0 µM. This result is similar to our data shown in Figure 6.5 and Figure 6.7. 

Suitable probe design will help us to circumvent the complicate interaction between Hg2+ 

and multiple binding sites to yield more accurate Hg2+ detection and quantification 

methods.  

 
 

6.4 Conclusions 

In summary, we have demonstrated a fluorescence turn-on assay for mercury(II) 

detection, which takes advantage of signal amplification of fluorescent conjugated 

polymers and silica NP based detection in addition to the specific thymine-Hg2+-thymine 

interaction. By maintaining a constant NP concentration, while varying [Hg2+], the 

working curve of mercury(II) shows a sigmoidal shape and gives a detection limit of 0.1 

µM. However, by simultaneously reducing the NP and Hg2+ concentration, and keeping 

[Hg2+]:[DNA duplex] = 3:1, a linear calibration curve for Hg2+ was observed with a 

detection limit of 5 nM in the presence of the CCP. The linear response between the Fl 

emission intensity vs. [Hg2+] is dependent on whether all three Hg2+ binding sites in each 

probe are simultaneously involved in T-Hg2+-T formation. While a sigmoidal working 

curve is obtained for random distribution of Hg2+ among the multiple binding sites in 



Chapter 6 

113 

mercury-specific probes. The use of CCP significantly enhances the detection selectivity 

and reduces false-positive signals.  

 

Nevertheless, the developed mercury(II) sensing system needs 45 °C for thermal washing, 

which is not convenient compared with room-temperature operation. Recent advance on 

mercury(II) detection has shown the possibility of room-temperature assay through 

appropriate probe design 214. Further improvement in the probe design in silica NP-

supported format could yield efficient metal ion sensors operated at convenient 

temperature 212, 214. 
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CHAPTER 7   

LAYER-BY-LAYER ASSEMBLY OF METAL-ENHANCED 

FLUORESCENCE (MEF) CONJUGATED POLYMER THIN 

FILMS FOR DNA DETECTION 

 
 

7.1 Introduction 

Highly sensitive and selective DNA detection is a continuous demand in quantitative 

studies for biomedical research 131,132. Various detection systems have been developed in 

response to this demand, such as optical 10,11,134, electrochemical 135,136, microgravimetric 

137,138. Among different strategies, nanostructure based methods have been recently 

geared into the above systems to further harness detection performance 19,20,22-24,45,176.  

 

Metal-enhanced fluorescence (MEF), constructed on metallic nanostructures, have 

recently received considerable attention as it can be used to increase the sensitivity of 

fluorescent sensors 22-24. MEF reflects the interactions of the excited-state fluorophores 

with surface plasmon electrons in the metallic nanostructures such as silver 46,47, gold 48,49, 

and alumina 50, which in turn produce different effects on the fluorophores 22-24. The 

overall fluorescence enhancement or quenching for a given system depends on the 

relative contributions among excitation rate enhancement (field enhancement), emission 

enhancement (radiative decay enhancement) and quenching (nonradiative decay 

enhancement) 22-24,51,52. These contribution factors are sensitive to various parameters 
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such as the spectral properties of both fluorophores and metal nanoparticles (NPs) 53, the 

distance between fluorophores and metal NPs 54,55,  and the orientation of fluorophores 

relative to metal NPs 55. Understanding and controlling the fluorophore-metal interaction 

is critical to develop and improve various MEF-based applications such as biosensor, 

LEDs, and single-molecule studies 22-24,55,220,221. Current reports about MEF in different 

systems include field enhancement 222-224, emission enhancement 225-227, or both 228,229. 

However, few reports address the MEF for the system of large chromophores such as 

water-soluble conjugated polymers. 

 

Water-soluble conjugated polymers (CPs) are macromolecules that contain π-delocalized 

backbones with pendant ionic groups, which have been widely used in chemical and 

biological sensors 26-28,30,218,230. Their large absorption cross section and delocalized 

electronic structure allow efficient light-harvesting and rapid intra- and interchain 

fluorescence resonance energy transfer (FRET). This results in huge signal amplification 

upon molecular-recognition events, and imparts the CP-based sensor higher fluorescence 

intensity relative to small molecule counterparts 25-29,218. This high response signal is 

essential to achieve high detection sensitivity for various fluorescence-based detection 

systems, and would enable probing samples with lower concentrations. To the aim of 

sensitive detection, great efforts have been made to develop the CP-based DNA detection, 

but few reports on MEF of CP 231 and, from our best knowledge, no report on MEF-CP 

based bioassay. This may be primarily because of 1) difficulty in fine-tuning of nanoscale 

distance between metal surface and CP chromophores, 2) poor understanding of MEF as 

a strategy for CP-based bioassays, and 3) lack of suitable experimental design and 
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protocol. Therefore, the development of MEF platform for CP and its application in DNA 

assays is highly desirable to further enhance biosensing capability. 

 

In Chapter 7, we report a new strategy to prepare a CP-based MEF substrate, and 

successfully apply the MEF-CP substrate to sensitive and selective DNA detection. In our 

approach, layer-by-layer (LbL) process was used to fine control the nano-scale distance 

between silver NP surface and CP fluorophore using non fluorescent polymers (PDDA & 

PSS) as the spacer. Furthermore, a cationic, fluorescent, water-soluble polyfluorene 

derivative, poly[9,9-bis(9-N,N,N-trimethylammonium)ethoxy)ethoxy)ethyl)fluorene-alt-

(4,7-(2,1,3-benzothiadiazole)dibromide)] (PFBT) 232, was selected for MEF study. Our 

previous studies demonstrated that biosensors using PFBT derivatives are effective in 

either solution 29,232,233 or solid state 90,234. The extension of PFBT to MEF study is an 

effective strategy to further enhance DNA detection sensitivity and expand our 

established biosensing systems 29,90,232-234. Moreover, the optical property of two PFBT 

absorption peaks (335 nm and 450 nm) provides an internal standard to better investigate 

MEF without considering the amount difference of PFBT on reference and sample slide. 

Finally, the first application of MEF-PFBT substrate in DNA detection was successfully 

demonstrated, which opens up new possibilities to improve the detection sensitivity of 

CP-based bioassays. 
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7.2 Materials and methods 

Materials  

The fluorescent cationic conjugated polymer (PFBT) was synthesized according to a 

previous report 232. DNA oligonucleotides were purchased from IDT including Cy5-PNA: 

5’-Cy5-OO-TCC ACG GCA TCT CA-Lys-Lys-3’, complementary DNA (DNAc): 5’-

TGA GAT GCC GTG GA-3’, and non-complementary DNA (DNAnc): 5’-GGT CAT 

TAG CTT CT-3’. Poly(diallyldimethylammonium chloride) (PDDA) (medium molecular 

weight: 200,000-350,000; 20 wt% in water, Aldrich), Poly(styrene sulfonic acid) sodium 

salt (PSS) ( M.W. 70,000; Alfa-aesar), 1-methyl-2-pyrrolidinone (NMP) (99.5+%, 

Biotech grade, Sigma-Aldrich), silver nitrate (sigma-aldrich, reagent plus, >99.8%), 

sodium citrate tribasic dihydrate (sigma, ACS reagent, ≥99.0%), sodium chloride 

(>=99.5%, Sigma), 3-aminopropyltriethoxysilane (APTES, 99%, Aldrich), sulphuric acid 

(98.0%, BDH), acetic acid (100%, Merck), methanol (99.8%, Merck), ethanol (99.9%, 

Merck), hydrogen peroxide (30%, Merck), ammonia solution (30%wt, SINO Chemical 

Company), phosphate buffered saline (PBS, 1500 mM), transparent waterproof tape 

(polar bear), glass microscope slide (VFM microscope slide, 26 × 76 mm, 1.0-1.2 mm; 

CellPath) and silicon wafer (dopant and one-side polished; Φ 100 ± 0.5 mm) were used as 

received. MilliQ water (18.2 MΩ) was used to prepare all solutions. 

 

Characterization and instrumentation  

The extinction spectra of silver colloid were measured by a Shimadzu UV-1700 

spectrometer. The prepared silver colloid was characterized by field-emission scanning 

electron microscopy (FE-SEM) on a JEOL JSM-6700F operating at 5 kV, and by 
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transmission electron microscopy (TEM) on a JEOL JEM-2010F operating at 200 kV. 

The assembled Ag NP arrays on glass slides were imaged by FE-SEM after coating a Pt 

layer (~10 nm in thickness) via a platinum coater (JEOL JFC-1300, Auto Fine Coater), 

and by atomic force microscope (AFM) (Nanoscope III, Digital Instruments) operating in 

the tapping mode with a silicon tip. The thickness of the polymer films was measured on 

the surface of similarly prepared polished silicon wafer by using a spectroscopic 

ellipsometer (VB-250, VASE Ellipsometer, J. A. Woollam Co., Inc) after drying the 

samples. A wavelength ranging from 500 to 1000 nm and angles of incident light (65 and 

75 °) were used for the spectroscopic ellipsometer, which was equipped with a 75 W light 

source and a high-speed monochromator (HS-190, J. A. Woollam Co., Inc). For each 

sample, three different locations were measured and the thickness was obtained by using 

the software provided by the manufacturer. The silver ion concentration was determined 

by ICP-MS (Agilent, 7500A ICPMS). 

 

The absorbance change of PFBT solution before and after slide assembly was monitored 

by MicroplateReader (TECAN Infinite M200). Similar monitoring process was done for 

Cy5-PNA/DNA duplex solution before and after slide assembly. All sample slides were 

placed onto the bottom of 24-well mciroplates for the measurements of corresponding 

spectra using the MicroplateReader operated in the top reading mode. The fluorescence 

emission spectra of sample slides under different excitation wavelength were recorded. 

The excitation spectra for PFBT polymer on slide surface were obtained at a fixed 

emission wavelength of 550 nm. After the Cy5-PNA/DNA duplex assembly, 

fluorescence emission spectra of sample slides under the excitation of 335 and 440 nm 

were recorded over a range of 480 to 800 nm, and Cy5 emission spectra were collected 
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under the excitation of 645 nm for sample slides and 600 nm for Cy5 solution. All spectra 

of sample slides were measured in MilliQ water and corrected after subtraction of the 

corresponding background. 

 

Experimental methods  

Silver NP synthesis in aqueous solution  

The silver NPs were synthesized according to the procedure described in Chapter 3. 

 

Surface functionalization of glass slides  

The microscope glass slides were cut into 7 mm × 12.5 mm dimension and pre-washed 

by detergent, water, ethanol upon sonication for 10 min in each step. The slides were then 

treated in piranha solution (H2O2 : concentrated H2SO4 = 1: 3) at 80 °C  for 30 min, 

followed by RCA (H2O: H2O2: NH3 (v: v: v) = 5: 1: 1) treatment via 30 min sonication 

without temperature control. A rinse cycle of water-ethanol-water was done between 

different steps. After that, the pre-cleaned slides were dried and immersed in silane 

solution (2% APTES in methanol mixture (methanol, 95%; MilliQ water, 5%; acetic acid, 

0.1%)) with gentle shaking for 30 mins to introduce NH2-functinoal groups on slide 

surface. After that, the slides were rinsed with ethanol, sonicated for 2 min, and stored in 

ethanol for further process. 

 

Silver nanoparticle (NP) self-assembly on NH2-functionalized slide 

Before silver NP assembly, the pretreated glass slides were dried with nitrogen gas and 

one side of slides was covered by a water-resistance & transparent adhesive tape. The 
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tape-patterned glass slides were rinsed thoroughly with deionised water and dried with 

nitrogen gas. Meanwhile, 60 µl of stock silver colloid is added into 540 µL MilliQ water 

in a plate well. The treated slides were then loaded into the silver colloid with the 

uncovered surface up while gently shaking overnight to form Ag NP arrays. The self-

assembled Ag NP arrays were rinsed with water, and stored in 800 µL of citrate solution 

(0.342 mg/mL) in a 24-well microplate for UV/PL measurements by Tecan 

MicroplateReader. Typically, the prepared good Ag NP array has an extinction maximum 

of ~0.35 at 440 nm.  

 

Layer-by-layer (LbL) self-assembly of charged polymers 

LbL assembly of PSS/PDDA on NH2-functionalized glass or Ag NP array slide was 

carried out manually. For Ag NP array slide, the substrates were immersed in 800 µL 

PDDA solution (PDDA concentration was based on polymer repeat unit (RU), [RU] = 

1×10 -2 M in 0.1 M NaCl aqueous solution) for 15 min, followed by a wash in water, and 

immersed again in the PSS solution (PSS concentration was based on polymer repeat unit 

(RU), [RU] = 1×10 -2 M in 0.1 M NaCl aqueous solution) for 15 min, followed a wash in 

water. Multilayer assemblies consisting alternating charged layers of PDDA and PSS 

were prepared by consecutive adsorption of both polyelectrolytes. The final layer is 

always PSS layer to ensure negative charges on the top of multilayer assemblies based on 

NH2-slide or Ag NP array slide. Finally, cationic PFBT deposition is conducted by 

incubating the above anionic slides in PFBT solution (PFBT concentration was based on 

polymer repeat unit (RU), [RU] = 2.5 µM, 800 µL) for 5 minute. After washing with 
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MilliQ water, the prepared slides were stored in 800 µL of water in a 24-well microplate 

for UV/PL measurements by Tecan MicroplateReader. 

 

Adhesive layer deposition  

After PFBT self-assembly, the obtained slides were assembled with one more layer of 

PDDA operated in the same condition as the previous step. After washing with water, 

these prepared slides were then immersed in incubation buffer (25mM PBS and 5% NMP) 

for DNA assay. 

 

Annealing of Cy5-PNA and DNA  

For DNA detection, Cy5-PNA (sequence: 5’-Cy5-OO-TCC ACG GCA TCT CA-Lys-

Lys-3’) and DNAc (sequence: 5’-TGA GAT GCC GTG GA-3’) were first mixed together 

in the incubation buffer to form duplex structure (12 µM for Cy5-PNA or DNAc). 

Meanwhile, Cy5-PNA was mixed with DNAnc (sequence: 5’-GGT CAT TAG CTT CT-

3’) in the incubation buffer (12 µM for Cy5-PNA or DNAnc). These mixed solutions were 

then heated up to 80°C for 10 min, followed by naturally cooling to RT. The formed 

DNAc duplex (Cy5-PNA hybridized with DNAc) and DNAnc mixture (Cy5-PNA mixed 

with DNAnc) are stored in 4 °C refrigerator for further use. 

  

DNA assay on PFBT film 

For PFBT film-based DNA detection, the annealed Cy5-PNA/DNA mixture was diluted 

with incubation buffer to 300 µL to yield [DNAc] or [DNAnc] = 10-7 M. The assay slides 

were then incubated in the above mixture for 15 min. After washing with the incubation 
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buffer, the treated slides were placed into 800 µL of water in a 24-well microplate for 

UV/PL measurement by Tecan MicroplateReader. 

 

 

7.3 Results and discussion 

7.3.1 Strategy of layer-by-layer (LbL) preparation of MEF-PFBT substrate 

for DNA detection 

 

Scheme 7.1 Schematic illustration of layer-by-layer (LbL) preparation of MEF substrate 
for DNA detection, with the molecular structures of PFBT, PDDA and PSS, as well as 
the FE-SEM images of the silver NP array on the glass slide after coating a thin 
conductive Pt layer (~10 nm in thickness). 
 

Scheme 7.1 shows the general strategy for MEF based DNA detection via layer-by-layer 

(LbL) self-assembly process driven by electrostatic interaction. The MEF substrate 
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preparation starts with immobilization of negative charged silver NP onto the surface of 

NH2-functionalized glass slide. A polyelectrolyte layer-by-layer (LbL) process using 

poly(diallyldimethyl ammonium chloride) (PDDA) and poly(sodium 4-styrenesulfonate) 

(PSS) is then used to fine tune the nano-scale distance between the silver NPs and the 

PFBT layer. The prepared MEF-PFBT slide is further assembled with a thin layer of 

PDDA to increase the positive charge density on the top surface, and is ready for DNA 

bioassay.  

 

7.3.2 MEF-PFBT platform components 

The MEF-PFBT platform is composed of multiple key components, as shown in Scheme 

7.1. Silver NPs were synthesized using a modified Lee–Meisel method 128. After 

purification by centrifugation and filtration, the collected silver NPs showed a diameter 

of ~ 75 nm in average (see Figure 3.4 and Figure 3.5) with an extinction peak ~ 440 nm 

(see Figure 3.6). These silver NPs carry negative surface charges due to the adsorbed 

citrate molecules, which allow easy binding onto a NH2-functionalized slide surface to 

form silver NP array. Typically, the prepared silver NP arrays supported by a transparent 

microscopy glass slide had an extinction maximum intensity of ~0.35 at ~440 nm in the 

wet state. After drying the silver NP array, the FE-SEM images (see Scheme 7.1) from 

the resulting surface show the interparticle distance of ~200 nm and no obvious 

aggregation. This indicates strong binding between NH2-functionalized slide and citrate 

adsorbed silver NPs. 
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Figure 7.1 AFM images of the Ag NP array slide (PFBT/(PDDA/PSS)2/Ag NP array). 
Inset: the three-dimensional image of the same slide. 
 

Molecular structures of the PFBT, PDDA and PSS polymers are shown in Scheme 7.1. 

Due to the intrinsic charge from these polymers, electrostatically-driven LbL process 

could be used to construct the silver NP array-PFBT films using alternate charged 

polymers (PDDA & PSS) as the spacer. Figure 7.1 shows the AFM images of Ag NP 

array slide (PFBT/(PDDA/PSS)2/Ag NP array) from the resulting surface in the dry state, 

indicating relatively ordered NP array structure with rough surface. Figure 7.2 shows the 

absorption and photoluminescence (PL) spectrum of the cationic PFBT film in water, as 

well as the extinction spectrum of Ag NP array in water. This BT-containing copolymer 

of PFBT bears two solid-state absorption peaks (335 nm and 450 nm). The Ag NP array 

plasmonic band at ~440 nm overlaps significantly with the low energy PFBT band at 450 

nm and only weakly with the high energy PFBT band at 335 nm with the higher 

transition. Such selective overlap provides an excellent opportunity to dissect the MEF 
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contributions through monitoring PFBT fluorescence, in the presence and absence of the 

Ag NP array, as a function of excitation wavelength. This constitutes one of key reasons 

why PFBT conjugated polymer instead of others is selected for this study. 
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Figure 7.2 The absorption spectrum (dotted line) and photoluminescence (PL) spectrum 
(dashed line) of the cationic PFBT film in water, and the extinction spectrum (solid line) 
of silver NP array in water. The excitation wavelength is 335 or 440 nm for the PFBT. 
 

7.3.3 Metal-enhanced fluorescence of PFBT with underlying Ag NP array  

To study MEF of PFBT, we first prepared two types of slides bearing similar amount of 

PFBT with the polyelectrolyte spacer (PDDA/PSS)n (n=1-4): Ag NP array slide and the 

reference slide (without the Ag NP array). Conditions used for self-assembly were strictly 

same for each substrate. The size of each substrate was kept constant (~87.5 mm2), and 

the net quantity of PFBT adsorbed on each substrate was controlled to be nearly the same 

by monitoring the absorbance change of a PFBT stock solution before and after assembly 

on slide surface (see the typical example in Figure 7.3).   
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Figure 7.3 The absorption spectra of PFBT solution (2.5 µM in MilliQ water, 800 µL) 
before and after PFBT assembly onto the Ag NP array slide (PFBT/(PDDA/PSS)2/Ag NP 
array) and the reference slide  (PFBT/PSS/PDDA/PSS/NH2-glass). 
 

Based on the above, the photoluminescence (PL) spectra of the two types of PFBT slides 

were then collected and analyzed. Figure 7.4A shows the PL spectra of PFBT, when the 

wavelength of excitation is 440 nm, on the reference slide (PFBT/PSS/PDDA/PSS/NH2-

glass) and Ag NP array slides (PFBT/(PDDA/PSS)n/Ag NP array) as the number of 

PDDA/PSS spacer bilayers (n) is varied from 1 to 4. As compared to the PL intensity 

from PFBT adsorbed on reference slides, the initial build-up of the spacer from one to 

two bilayers causes a 3-fold increase of the PFBT emission intensity. The PL intensity 

decreases when the spacer is further increased to three and four bilayers, however even 

for four bilayers, the PL intensity of PFBT on the Ag NP assay slide is higher than that 

observed from the reference slide. The average thickness of each bilayer was estimated to 

be ~3 nm by ellipsometry, which is similar to the literature report 235. These 



Chapter 7 

127 

measurements indicate that the maximum MEF is observed at a distance of 

approximately 6-7 nm from the Ag NP surface. It is also important to note that there is no 

change in the PFBT emission intensity upon excitation at 335 nm, as shown in Figure 

7.4B. This dramatic difference in PL spectra between Figure 7.4A and Figure 7.4B 

indicates the observed fluorescence enhancement is highly dependent on excitation 

wavelength and the spectral overlap between the plasmonic peak of Ag NP array and the 

absorption peak of the polymer. 
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Figure 7.4 Distance-dependent fluorescence emission spectra of the PFBT on Ag NP 
array and reference slides under A) 440 nm excitation, and B) 335 nm excitation. 
 

To systematically examine the variations in PL intensity as a function of excitation 

wavelength, the PFBT PL spectra were collected on the same spot of the Ag NP array 

slide with two bilayer spacers by varying excitation wavelength from 250 to 500 nm. In a 

meanwhile, the same experiments were conducted for PFBT on the reference slide. 

Figure 7.5 shows maximum PFBT fluorescence intensities of Ag NP array (squares) and 

reference slide (circles) from these spectra as a function of excitation wavelength. As 

typical examples of obtained spectra under each excitation wavelength, the PL spectra 
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under 440 nm excitation from Ag NP array slide and reference slide are shown in the 

inset of Figure 7.5. 
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Figure 7.5 Maximum fluorescence intensity under different excitation wavelengths. Inset 
shows typical emission spectra under excitation of 440 nm for PFBT on Ag NP array 
slide (PFBT/(PDDA/PSS)2/Ag NP array) and PFBT on the reference slide 
(PFBT/PSS/PDDA/PSS/NH2-glass). 
 

The PL intensity ratio of PFBT on the Ag NP array slide to that on the reference slide, 

was then calculated and is shown in Figure 7.6A as a function of excitation wavelength. 

The ratio at each wavelength follows the shape of the Ag NP array extinction spectrum. 

The maximum ratio is ~3 upon excitation of the PFBT film at 440 nm; there is virtually 

no enhancement at 335 nm and below. To better understand the MEF mechanism, the 

excitation spectra of the above two slides were also monitored at 550 nm, and the results 

are shown in Figure 7.6B. As compared to PFBT on the reference slide, the excitation 

spectrum of PFBT on the Ag NP array is significantly different in the 365 nm to 510 nm 
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region. However, the two spectra are nearly identical at wavelengths below 365 nm. 

Considering the selective spectral overlap of Ag NP array plasmonic band at ~440 nm 

with PFBT absorption band at 450 nm instead of that at 335 nm, these results from Figure 

7.6A and Figure 7.6B indicate that plasmonic coupling strongly affects the local electric 

field around PFBT fluorophores, and the fluorescence enhancement of PFBT on Ag NP 

array slide relative to that on reference slide in Figure 7.4A is significantly contributed by 

field amplification. This is similar to the literature reports that MEF can be caused by 

absorption enhancement for several systems 222-224,231,236-238. However, the MEF could 

also be affected by fluorophore’s radiative decay rate 225-228. To further elucidate the MEF 

mechanism, radiative decay studies of PFBT slides (reference slide and Ag NP array slide) 

are needed in the future. Nevertheless, our current exploration and finding provided 

valuable guidance for design of other metal-fluorophore systems using MEF, especially 

for conjugated fluorophore systems. 
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Figure 7.6 A) Fluorescence ratio vs. excitation wavelength (shown in dots) and the 
extinction spectrum of Ag NP array slide (shown in circles). B) Excitation spectra of 
PFBT on the same Ag NP array slide (shown in dots) and the reference slide (shown in 
circles) collected at the emission wavelength of 550 nm. 
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7.3.4 DNA detection based on MEF-PFBT platform 

 
 
Scheme 7.2 Schematic illustration of DNA detection strategy using Ag NP array-PFBT 
substrate and Cy5-PNA probe. 
 

Based on the above studies, MEF substrates with Ag NP array as support were prepared 

and their utility in ssDNA detection was then examined. The DNA assay starts with a 

Cy5-PNA (5’-Cy5-OO-TCC ACG GCA TCT CA-Lys-Lys-3’) probe. Cy5 was selected 

as signal reporter in this assay because that there is good spectral overlap between the 

emission of PFBT and the absorbance of Cy5 (see Cy5 absorption spectrum in Figure 

7.7), which should favor FRET from PFBT to Cy5, according to Förster theory 79. As 

shown in Scheme 7.2, if the ssDNA is complementary (ssDNAc: 5’-TGA GAT GCC 

GTG GA-3’) to the Cy5-PNA, the formed negatively charged Cy5-PNA/DNAc duplex 

binds through electrostatic interactions to the positively charged PFBT/PDDA surface. 

These conditions allow for close proximity and FRET sensitization of Cy5 upon PFBT 
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excitation. However, if the ssDNA is non-complementary (ssDNAnc: 5’-GGT CAT TAG 

CTT CT-3’) to Cy5-PNA, no duplex will form and the neutral Cy5-PNA will remain in 

solution and be washed off from the slide. One can therefore determine whether the 

solution contains the target ssDNA sequence by monitoring Cy5 emission upon PFBT 

excitation.  

 
 

Figure 7.7 The absorption spectrum of Cy5 in 20 mM PBS buffer.  
 

To test the selectivity of DNA assay protocol in Scheme 7.2, Cy5-PNA (10-7 M) and one 

equivalent of ssDNAc (or ssDNAnc) were pre-hybridized before the control slide (PDDA-

PFBT/PSS/PDDA/PSS/NH2-glass) and Ag NP array slide (PDDA-

PFBT/(PDDA/PSS)2/Ag NP array) were dipped into the solution, which was followed by 

washing with 25 mM PBS buffer with 5% NMP. To make more straightforward 

comparisons between different slides, we note that the quantity of Cy5-PNA/DNAc 

adsorbed on both slides was controlled to be the nearly the same by monitoring the Cy5 

emission (600 nm excitation) in the depositing solution before and after the assay 
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procedure (Figure 7.8). As shown in Figure 7.9, upon excitation at λexc = 440 nm, the 

Cy5 emission in the range of 640-750 nm is only observed with ssDNAc, demonstrating 

excellent selectivity for the assay. Considering that Cy5 does not have any absorbance at 

440 nm (see Figure 7.7), the Cy5 emission signal upon excitation at 440 nm should be 

thus due to the formation of a FRET pair, which favors energy transfer from PFBT to 

Cy5 90,234. For the control slide, the Cy5 emission upon excitation at 440 nm (close to 

PFBT absorption maximum) is ∼600 a.u., which is ~6.6-fold higher than that obtained 

upon direct excitation of Cy5 with λexc = 645 nm (Cy5 absorption maximum), indicative 

of signal amplification provided by PFBT. Comparison of the results in Figure 7.9 with 

λexc = 440 nm, shows that the Cy5 emission from the Ag NP array slide is approximately 

2.6-fold higher (∼1600 a.u.) than that from the control slide. Compared with Cy5 intrinsic 

emission (exc@645 nm) on surface, the developed detection system could provide ~17-

fold signal amplification of the reporter dye (upon PFBT 440 nm excitation), indicating 

the strong influence from MEF and FRET process on Cy5 optical properties 239,240. It is 

also interesting to note that upon excitation of PFBT at 335 nm, the Cy5 emission from 

both slides is similar (see Figure 7.9). The overall Cy5 emission intensity is much greater 

with λexc = 440 nm than that with λexc = 335 nm for the Ag NP array slide, indicates that 

the MEF effect previously observed with the PFBT substrates is translated to the assay 

platform.  
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Figure 7.8 PL spectra of Cy5-duplex solution before and after self-assembly onto Ag NP 
array slide (PDDA-PFBT/(PDDA/PSS)2/Ag NP array), and control slide (PDDA-
PFBT/PSS/PDDA/PSS/NH2-glass). Measurements were done in 300 µL incubation 
buffer held in 24-well microplate by Tecan MicroplateReader with the excitation at 600 
nm. 
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Figure 7.9 PL spectra after DNA assay ([DNA] = 10 -7 M) under direct excitation (645 
nm) and FRET excitation (335 nm and 440 nm) from: A) Ag NP array slide (PDDA-
PFBT/(PDDA/PSS)2/Ag NP array), and B) control slide (PDDA-
PFBT/PSS/PDDA/PSS/NH2-glass). Note that the same amount of Cy5-DNAc was 
assembled onto each slide. 
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7.4 Conclusions 

In summary, we have demonstrated MEF of the water-soluble PFBT by exploiting 

substrates with underlying Ag NP array. That PFBT has two nearly equally intense 

absorption bands make it possible to identify the significant contribution of field 

enhancement to the overall distance-dependent MEF by metallic nanostructures. In 

addition, the Ag NP array amplified PFBT emission is further utilized to develop a 

sensing surface that in the presence of PNA probes provides selective detection of 

ssDNA with signal intensities that are higher than those obtained by use of polymer alone. 

These findings open up new opportunities to improve the detection sensitivity of 

conjugated polymer based bioassays. In addition, the silver NP array enhanced excitation 

and fluorescence of conjugated polymers should find other applications in organic 

electronic devices. 

 

Nevertheless, during our silver NP array fabrication, the inter-particle distance of our 

silver NP arrays is ~200 nm and may lack effective plasmonic coupling to generate 

higher MEF signal output 241. Further work of the effect of silver NP surface density on 

CP optical response is necessary. In addition, the prepared silver NP has some size 

distribution, which would affect the fabrication of reproducible NP array. Lastly, current 

DNA assay based on MEF-CP substrate only demonstrate the differentiation between 

complementary and non-complementary DNA, and lack the capability to discriminate 

DNA with a few mutations. Further optimizing bioassay conditions (e.g. S1 nuclease 

digestion process for DNA SNP detection 113) could lead to more efficient DNA detection 

with high selectivity.  
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CHAPTER 8   

CONCLUSIONS AND RECOMMENDATIONS 

 
 

8.1 Conclusions 

In the Ph.D. study, conjugated polymer and oligomer based nanosensing systems have 

been developed and applied to the fluorescence detection of DNA and mercury(II) with 

high signal amplification and selectivity. This work started with the optimization of 

experimental conditions for silica NP-supported CP-assisted DNA detection, and 

demonstrated that conjugated polymers (PFP-2F) could provide over 110-fold signal 

amplification in real-time. The assay strategy was then developed for single-nucleotide 

polymorphism DNA detection using conjugated oligomers (tetrahedralfluorene). By 

modifying the DNA probe immobilized on the silica NP surface, the assay was further 

extended for mercury(II) study in solution. At last, by exploiting silver NP arrays as 

supporting substrates, metal-enhanced fluorescence of conjugated polymers (PFBT) was 

demonstrated and used for DNA detection, which opens up new possibilities to improve 

the detection sensitivity of conjugated polymer based bioassays. The major findings of 

this research include the following: 

 

1.  Silica NP assisted DNA assays with high signal amplification and selectivity were 

developed using fluorescent CP (PFP-2F) as an optical signal amplifier. ssDNA 

immobilized silica nanoparticles (~100 nm in diameter) were first synthesized after a 
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seed-mediated growth and triazine bioconjugation. The obtained NP bioconjugates 

were then used as probes to capture target DNA. The optimized detection system 

amplified a fluorescence signal up to over 110-fold in real time, and allowed 

detection of target DNA at 10 pM with a standard fluorometer. It also allowed the 

discrimination of base mutation down to two-base mismatch. The high performance 

was due to the rationally tailored sensing strategy. In this strategy, silica NP-DNA 

probes were designed to minimize dye self-quenching within target DNA-CP 

complexes. Moreover, excess DNA probes on the NP surface could form a complex 

with fluorescent CPs to increase the local concentration of donor units and deliver 

excitations to dye (fluorescein). These efforts result in high signal amplification for 

highly sensitive DNA detection. In addition, the monodispersed silica NPs took the 

advantage of solid-state sensors and allowed the separation of DNA-NP after 

centrifuge. This reduces non-specific interactions from the test medium, and improves 

DNA sequence-specific discrimination. The strategy of using silica NP-DNA probe 

and fluorescent conjugated polymers could be used to detect other biomolecules 

besides DNA in bio-analytical areas. More general, the successfully demonstrated 

assay indicates that homogeneous CP-based FRET assay could be potentially 

transferred to NP-supported format while maintaining some advantages of both 

homogenous solution assay and heterogeneous assay. 

 

2.  Label-free single-nucleotide polymorphism (SNP) detection using cationic conjugated 

oligomers (tetrahedralfluorene) and silica NPs was demonstrated. This label-free 

DNA assay was conducted by the combination of several recognition events: (1) the 
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specific base pair recognition between the probes immobilized on the NP surface and 

the DNA targets, and (2) the electrostatic interaction between the cationic 

tetrahedralfluorene and the DNA duplex containing pre-intercalated EB. The 

developed assay provided approximately 35-fold signal amplification and SNP 

selectivity. The high signal amplification was due to the flexible dipolar orientation of 

conjugated tetrahedralfluorene as an energy donor, which significantly enhanced the 

efficiency of FRET to the intercalated EB.  SNP selectivity was achieved by  salt 

washing on the silica NP-DNA platform. This signal amplification could be used in 

many circumstances to reduce the background signal and improve detection limit of 

the traditional NP-based assays. In addition, compared with the solution-based 

homogeneous assay, this method allows a quick detection of oligonucleotides with 

high signal amplification and SNP selectivity. Therefore, the developed method opens 

up possibilities for future development of integrated and portable devices for 

diagnostic or forensic application. 

 

3.   An amplified fluorescence turn-on assay was developed for mercury(II) detection and 

quantification using cationic CPs (PFP-2F) and silica NPs. This sensor system relied 

on specific thymine-Hg2+-thymine coordination on NP surface and fluorescent 

conjugated polymers as signal amplifier. Through maintaining a constant [NP] with 

different [Hg2+], the mercury(II) assay shows a sigmoidal working curve and gives a 

detection limit of 0.1 µM. In contrast, by simultaneously reducing the concentration 

of NP and Hg2+, and keeping [Hg2+]:[DNA duplex] = 3:1, a linear Hg2+ calibration 

curve was obtained. A detection limit of 5 nM was obtained in the presence of CP signal 
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amplification. This linear response between the Fl emission intensity vs. [Hg2+] is 

dependent on whether all three Hg2+ binding sites in each probe are involved in 

thymine-Hg2+-thymine coordination. In the case of random distribution of Hg2+ 

among the multiple binding sites in mercury-specific probes, a sigmoidal working 

curve is obtained. The introduction of CPs in the Hg2+ assay significantly enhances 

the detection selectivity and reduces false-positive signals. Further work on ion-

specific probe design on NP surface could yield efficient metal ion sensor not limited 

to Hg2+, and have convenient operation temperature.  

 

4.   Metal-enhanced fluorescence (MEF) of fluorescent conjugated polymers (PFBT) was 

investigated, and its application for selective DNA assay with high signal 

amplification was demonstrated. Silver NPs (~75 nm in average with extinction 

maximum at ~440 nm) were first synthesized and self-assembled onto glass slides to 

form Ag NP arrays. A distance-dependent fluorescence from PFBT assembled on the 

Ag NP array was observed, which shows initial increase of emission intensity 

followed with a decreasing tendency when further increasing the number of bilayer 

spacer (alternating PDDA/PSS). The maximum emission intensity occurred for 

PFBT-Ag NP array (with 2 bilayer spacer) showing ~3-fold higher intensity relative 

to that of reference slide. Our results show that the observed MEF is strongly 

contributed by the field enhancement as reflected in the resonance coupling between 

the plasmonic band of the Ag NP array and the PFBT absorption band at 450 nm. On 

top of that, MEF-PFBT substrate was further developed for highly sensitive and 

selective DNA detection using Cy5-labelled peptide nucleic acid as the probe. Upon 
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PFBT excitation at λexc = 440 nm, the Cy5 emission is only observed with 

complementary ssDNA, demonstrating excellent selectivity for the assay. Moreover, 

compared with Cy5 intrinsic emission on surface, the developed detection platform 

provides ~17-fold signal amplification of the reporter dye upon PFBT excitation. It is 

the first application of MEF-CP substrate in DNA detection, which opens up new 

possibilities to improve the detection sensitivity of conjugated polymer based 

bioassays. Further tuning MEF substrate preparation (e.g. inter-particle distance of 

metal NP array) and optimizing bioassay conditions (e.g. S1 nuclease digestion 

process for SNP assay) could lead to more efficient DNA detection with high 

sensitivity and selectivity. In addition, the silver NP array enhanced excitation and 

fluorescence of conjugated polymers should find other applications in organic 

electronic devices. 

 

8.2 Suggestions for future work 

The results obtained in this study showed the potential of conjugated polymer/oligomer 

based nanosensors. Nevertheless, specific limitations exist as stated at the end of each 

assay development Chapter. For instance, in Chapter 4, the large signal amplification in 

the developed assay is obtained with well-controlled conditions such as matched 

donor/acceptor molecular orbital energy level. Further work on optimization of 

CCP/diagnostic C* optical properties may be the next focus. In Chapter 5, ionic strength 

of the washing buffer is not optimized. Further investigation of the effect of buffer ionic 

strength on DNA duplex stability on silica NP surface may help us improve the detection 
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signal/noise ratio and obtain higher selective DNA assay. Overall, from assay design and 

development point of view, based on the developed systems in the PhD study, further 

work could be done as followed behind: 

 

1.  Further biosensor development using new biocognition mechanisms based on 

silica NP-CP platform for protein detection 

      We have demonstrated that silica NP-CP assisted DNA assays could provide high 

signal amplification and selectivity in Chapter 4.  This DNA detection strategy can be 

extended to the detection of other biomacromolecules. Instead of DNA base pairing 

for the target recognition in the Chapter 4, other biorecognition mechanisms could be 

used, e.g. the antibody–antigen binding, the protein-specific aptamer binding, and 

other receptor-ligand interaction 31,242. For instance, protein-specific aptamer binding 

has been recently used for lysozyme detection in CP-based homogeneous assay in 

solution 87. To transfer the homogeneous assay format into particle-supported format, 

lysozyme-specific aptamer with functional terminus can be conjugated with silica NP 

as lysozyme probe. After the recognition event following by a dye-labelled lysozyme-

specific aptamer binding, fluorescent CP will be used as the signal amplifier. With 

further discovery and understanding of protein-involved receptor-ligand interaction, 

CP-assisted silica NP-supported assay could find new applications.  

 

2.   Silica NP-CP system for the detection of metal ion 

In Chapter 6, to detect mercury(II), 45 °C was used in our sensing system, which 

posed a problem for convenient operation. Recent advance on mercury(II) detection 
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based on NP-DNA conjugate has shown the possibility of room-temperature 

chemoassay 214. Further improvement of the Hg2+-specific duplex design (e.g. that 

with more T-Hg2+-T binding sites, allowing full denature of mismatched duplex at 

room temperature but remain stable duplex structure after T-Hg2+-T coordination) in 

our system could yield more efficient mercury(II) sensors operated at room 

temperature. Furthermore, using a strategy similar to that of mercury(II) sensing 

developed in Chapter 6, a variety of other metal ions could be detected. In this 

approach, suitable CCP as the signal amplifier of diagnostic dye, silica NP as the 

solid support, and functional nucleic acid (e.g. metal ion-specific nucleic acid duplex 

with either nature or artificial sequences 212, and metal ion-specific DNAzyme 31) as 

metal ion probe will constitute key components of our sensing platform. Based on an 

appropriate design of the detection system, the high selective and sensitive 

chemoassays are practicable for the metal ion detection in the environment and for 

industry process control.  

 

3.   Further study on the MEF of PFBT and methods for SNP DNA detection with 

high sensitivity 

In Chapter 7, during the MEF exploration, radiative decay of the prepared MEF 

substrate was not tested, which consists of another important MEF mechanism 22-24. 

Therefore, to further elucidate the MEF mechanism, radiative decay studies of PFBT 

on Ag NP array are needed.  In addition, the relatively large inter-particle distance of 

our silver NP arrays may lack effective plasmonic coupling for higher MEF 241. 

Therefore, further improvement of NP density in our system may lead to higher signal 
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amplification, and future research in this direction is needed. As for the DNA assay 

based on MEF-PFBT substrate, further optimization of bioassay condition is desirable 

to achieve highly sensitive and selective detection. Specifically, for the detection 

selectivity, S1 nuclease can be used to digest duplex formed by Cy5-PNA and target 

DNA with complementary or single-base mutation sequence 113. After that, following 

the developed methods in Chapter 7, the MEF-PFBT based DNA assay may be 

demonstrated with SNP level. In addition, for the detection sensitivity, different 

concentration of target DNA will be measured to determine the lowest detection limit 

following the same assay method in Chapter 7. 

 

4.  MEF-CP for detection of other biomacromolecules 

Based on the developed MEF-PFBT strategy in Chapter 7, MEF-PFBT as the solid 

platform can be easily extended from DNA assay to the detection of enzyme protein 

such as protease and nuclease. The detection of enzymes and measurement of their 

activity is critical for the development of novel pharmaceuticals, and of vital 

importance for biological research 243-245. For the proposed protease sensor for trypsin 

detection, anionic conjugated polymers such as sulphonated polyfluorene derivatives 

will be assemblied onto the MEF surface by electrostatic interaction via alternating 

LbL process. Meanwhile, the Fl-labelled positive charged peptides will be 

incorporated into the polymer layers to act as trypsin indicators and avoid the leakage. 

In the absence of trypsin, FRET will occur from the CP to the Fl, generating a green 

emission. In the presence of trypsin, the dye-labled peptide will be digested and 

released from the MEF-CP slide after washing, which prevents the occurrence of 
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FRET and leads to a blue emission. The key step in the above assay is the target-

triggered digestion process which releases dye molecules away from the MEF-CP 

surface. This results in optical response change indicating the presence of target. 

Similar approach could be done for other enzyme proteins such as chymotrypsin 246 

and S1 nuclease 114.  
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