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CHAPTER 1 Introduction 

1.1 Multiplexed bioassays 

    Recent progress in genomics and proteomics has produced intense demand for high 

throughput, multiplexed bioassay of larger numbers of biomolecules for applications in 

clinical diagnostics and drug discovery.1 Multiplexed bioassay is one of the fastest 

growing areas in life science research.2, 3 It allows simultaneous measurements of many 

different biomolecules, such as proteins, nucleic acids, or cytokines, from a relatively 

small sample volume with high efficiency, which translate to ultrasensitive detection of 

biological binding events at low cost and high throughput. In addition, it allows assays to 

be reliably compared among different sampling groups by exposing the sensing elements 

to the same chemical surrounding. 

1.1.1 Strategies for multiplexing  

    Generally, there are two approaches to realize multiplexed bioassay: the use of 

different tags such as organic fluorophores of different emission profiles, or the use of 

encoded substrates to realize spatial multiplexing. Here, I will focus my discussion on the 

latter because of its ability to accommodate thousands and hundreds mini-assays with 

ease. Techniques for substrate-based multiplexing can again be divided into two 

categories: planar arrays4-15 or encoded particle arrays16-32. Planar arrays (Figure 1.1 A), 

such as DNA or protein microarrays, are characterized by surface-immobilized probe 

molecules (oligonucleotides, peptides, or antibodies, etc) in a two-dimensional grid. The 

identity of probe molecules at each spot in the array is distinguished by its physical 

coordinates (x, y) in the grid. In contrast, encoded particle arrays (Figure 1.1 B) are 

composed of encoded particles (encoded with different fluorophores, chromophores, or 

metals etc.) suspended in solution and pre-attached with probe molecules. The nature of 

the probe molecules attached to each particle is revealed by deciphering the particle code. 

    Planar arrays have been widely used in ultra high-throughput screening of 

biomolecules for their simplicity in preparing an array of high density elements and in 

subsequent signal readouts. Typically for DNA microarrays, a glass slide is spotted or in 

situ synthesized with a number of different probe oligonucleotide sequences. The entire 
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surface is reacted with sample containing fluorophore labeled target oligonucleotides, and 

the target oligonucleotides in the sample only bind to their complementary sequences. 

The fluorescent positions on the plate are automatically identified by analyzing the image 

of the slide, therefore, the identity (related to the position) and the quantity (related to the 

intensity of the spot) of the target oligonucleotides present in the sample are identified. 

DNA microarrays have been applied in gene expression studies for disease diagnostics 

and detection of pathogenic DNA.7-9 Protein microarrays are also used for identification 

of antigens or antibodies in samples. In a similar manner to DNA microarrays, antigens 

(antibodies) were spotted on the microarray and used to bind to their corresponding 

antibodies (antigens). These protein based microarrays have been applied in the detection 

of many protein biomarkers, such as viral infection, cancers, and auto-immuno 

diseases.10-15 

    The inherent limit of using a pre-fabricated flat surface, however, restrains the 

flexibility and sensitivity of 2-D planar arrays. In comparison, suspended particle arrays 

have several advantages over planar arrays. First, an encoded particle array exhibits 

greater sensing flexibility where different sensing probes can be mix-and-matched at 

different combinations. Second, suspended particles with curved surfaces benefit from 

faster diffusion and smaller steric hindrance whereas the reaction kinetics on a planar 

array is limited by a flat surface.  

1.1.2 Methods for particle encoding 

    Many encoding strategies have been used in encoded particle arrays, based on 

spectral16-25, graphical26-31, electronic32, 33, or physical properties of particles28, 34 (Table 

1.1).  

1.1.2.1 Spectral encoding 

    Spectral encoding is the most well established encoding technique, in which the 

identity of the probe molecules attached to particles is uniquely correlated to the 

absorbance, fluorescence, Raman, or reflection spectrum of particles. 

1.1.2.1.1 Fluorescence encoding 

    One of the spectral encoding methods is using polymer microspheres internally 
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doped with one or more fluorescent dyes.16, 17 By using fluorescent dyes with different 

emission spectra and doping at different intensity levels, microspheres of different codes 

can be obtained. The maximum number of codes that can be achieved in this way is 

determined by the formula: C = N m-1, where C is the number of codes, N is the number of 

intensity levels and m is the number of dyes. Dye-encoded microspheres can be rapidly 

analyzed on a conventional flow cytometer, making them a popular platform for 

multiplexing. Commercialized by Luminex Corp., the xMAP technology uses 5.5-µm 

microspheres that are internally doped with red and orange dyes at ten different 

concentrations to produce up to 100 different sets of microspheres (Figure 1.2).33 Each 

set of particles can be derivatized by a specific type of probe molecules. In a sandwiched 

assay, positive detection of target analyte brings reporter molecules to the particle surface. 

A green fluorescent dye is pre-coupled to the reporter molecule and is used to indicate the 

occurrence of positive binding and quantify the amount of target analytes. The xMAP 

technology represents a powerful multiplexing method and has found applications in 

detection of human cytokines34, single nucleotide polymorphisms (SNPs)35, allergy 

testing36, infectious disease diagnosis37, and biological warfare agent screening38. Becton 

Dickinson Biosciences (San Diego, CA) have also developed a similar system using 7.5 

µm microspheres doped with one fluorescent dye at different concentrations, named 

Cytometric Bead Array system (CBA). They have commercialized a larger number of 

multiplexed immunoassay kits, however, the maximum codes are limited to less than ten. 

    Another similar method uses quantum dots as the optical encoding materials.18 

Quantum dots are photoluminescent semiconductor nanocrystals, which typically consist 

of a core of cadmium selenide (CdSe) surrounded by a shell of zinc sulfide (ZnS).39, 40 

Quantum dots have many advantages over traditional fluorescent dyes: (1) their emission 

spectra are tunable by the size of quantum dots, (2) Quantum dots of different emission 

profiles can be excited simultaneously at the same excitation wavelength, (3) their 

emission bands are relatively narrow, which allow more emission bands to be resolved 

with minimal spectra overlap, and (4) Quantum dots have higher quantum yields than 

most fluorescent dyes and have better photochemical stability against photo-bleaching. 

Together, these features make quantum dots ideal fluorophores for encoding in 

multiplexed bioassay. As shown in Figure 1.3, Quantum dots of different sizes were 

http://en.wikipedia.org/wiki/Semiconductor�
http://en.wikipedia.org/wiki/Nanocrystal�
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incorporated into polymeric microspheres at different ratios. Similar to dye-doped 

particles, the maximum number of codes achievable is C = N m-1. Decoding of the 

attached capture probes and detection of target molecules is performed either in a flow 

cytometer in a flow stream or on a fluorescent microscope in an imaging mode.41-43 

    Regardless of their successful applications in multiplexed bioassay, spectral 

encoding methods using fluorophores or quantum dots experience numerous drawbacks. 

First, the number of codes that can be achieved is limited to small number (typically 

~100-1000) due to spectral overlap. Although some immunoassays only require the 

identification of a few tens of antibodies in samples, assay studies of complicated 

biological processes such as gene expression, protein-protein interaction, or drug 

discovery might need a large number of codes (about 104-105). Second, the fluorophore 

on the reporter molecule for analyte quantification may exhibit optical interference to 

decoding. In addition, decoding and quantification rely heavily on the use of sophisticated 

instruments, such as flow cytometers. 

    To obtain a large number of codes, spectral encoding by controlling the wavelength 

and spatial position of a fluorescence dye in a microparticle has been achieved by using 

particles manufactured from multiple sections of aluminosilicate glass, doped with 

different rare-earth metal ions.20 Rare earth metal ions were chosen for encoding due to 

their narrow emission spectra in the visible region, their resistant to photo-bleaching, and 

their non-interference with typical organic dye reporter. Figure 1.4 showed fluorescence 

false-color image of two types of rare-earth doped glass encoded microparticles. The 

number of microbarcodes is given by the formula: C = N m / 2, where C is the number of 

codes, N is the number of colors and m is the number of strips. A multiplexed bioassay 

that discriminated between human and microbial DNA has been demonstrated.20 

Although this technique has the capacity to produce a large number of codes, a significant 

drawback is the complex nature of the manufacturing process. A separate fiber ribbon has 

to be manufactured for each unique code and it usually takes around one month, which is 

time-consuming if a large number of codes are needed for a highly multiplexed bioassays. 

1.1.2.1.2 Raman spectrum encoding 

    A number of spectral encoding techniques based on the Raman spectrum have been 

developed. One of the examples is using aggregates of sliver nanoparticles with organic 



 5

molecules of specific Raman spectra, called ‘Composite Organic-Inorganic Nanoparticles 

(COINs)’.21 These encoded particles are prepared by adding seed silver nanoparticles into 

a solution of silver nitrate and a Raman label. Then the silver nanoparticles grow in 

solution and aggregate with the Raman label to form COINs. The identification of coding 

is based on Raman spectra of COINs with particular dominant peaks, which are depended 

on the particular organic Raman label used. The silver nanoparticles enhance these peaks 

via Surface-Enhanced Raman Scattering (SERS). A large number of dominant peaks can 

be achieved using more than one organic Raman label, resulting in more codes to be 

created. It was claimed by the authors that with 50 Raman labels, millions of different 

codes can be achieved. For multiplexed bioassay, antibodies were conjuagted to COINs 

and 2-plex sandwich immunoassay was carried out for the detection of IL-2 and IL-8.21  

    Another method has also been reported to synthesize Raman encoded beads by 

polymerizing styrene monomer modified with a large number of additional chemical 

groups to achieve unique feature in the Raman spectra of the beads.22 By this way, the 

authors have synthesized polystyrene beads with 24 unique Raman codes and have also 

demonstrated that the attachment of peptides to the beads showed no significant effect on 

Raman spectra.  

    A third Raman based encoding method was demonstrated by Mirkin and his 

coworkers.23 They functionalized gold nanoparticles with oligonucleotides of different 

Raman labels and used them as labels on glass bead based multiplexed bioassays. Each 

set of gold nanoparticles was encoded with a unique combination of Raman labels. For a 

typical multiplexed assay, the target sequences were hybridized with capture 

oligonucleotides conjugated to 300-µm silica beads and the encoded gold nanoparticles. 

The Raman spectra of the bound labels were enhanced by silver deposition. After silver 

enhancement, beads with hybridized gold nanoparticles showed unique SERS spectra that 

can be differentiated from each other. Oxonica (Mountain View, CA) also developed a 

similar approach based on incorporation of different Raman labels at different ratios and 

sliver nanoparticles into 90 nm silica nanoparticles.24 These Raman spectral encoded 

nanoparticles could be used as sensitive labels in multiplexed bioassays.     

1.1.2.1.3 Other methods of spectral encoding  

    Besides fluorescence and Raman based encoding, a growing number of alternative 
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spectral encoding methods have also been developed. One of the methods is based on the 

structuring of beads to produce a unique reflection spectrum. Sailor and colleagues have 

produced photonic crystal beads with well resolved optical features by electrochemically 

etching of silicon wafer.25 The porosity variation of the particle was controlled by 

applying a sinusoidally current to etch cell. These particles have very sharp reflectivity 

lines (ca. 11 nm FWHM) in the visible or infrared region, and the position of these lines 

can be tuned by altering the frequency of the current variation in the etch cell. One 

particle can reflect more than one lines, therefore, particles with different reflectance 

peaks can be achieved. These particles have been used to distinguish between albumins 

from two different species in multiplexed immunoassay.25  

    Although spectral encoding methods based on the fluorescence, Raman, or reflection 

spectra are the most popular methods for producing encoded arrays for multiplexed 

bioassays and many of them have been commercialized, a significant disadvantage of 

these techniques is their reliance on the signal intensity of various spectral components, 

which might vary between beads with ostensibly the same code. In addition, spectral 

overlap and interference might also limit the encoding capacity of these spectral encoding 

techniques.  

1.1.2.2 Graphic encoding  

    Graphical encoding circumvents the problems of spectral encoding by spatially 

patterning visible optical elements onto microparticles. The optical elements can be metal 

stripes, irregular shapes or any geometric patterns  

1.1.2.2.1 Metallic striped nanorods 

    One example of graphical encoding uses striped metal nanorods, where the 

reflectivity, position and length of metal stripes are combined to create codes. Striped 

metal nanorods are prepared by templated, sequential electrochemical deposition of 

metals within mesoporous alumina membranes where millions of particles of the same 

pattern are prepared in parallel.26 By controlling the sequence of metal ions reduced in the 

template and the current applied at each step, striped metal nanorods with different 

patterns and stripe lengths can be obtained. Identification of the striping pattern relies on 

different optical reflectivity of metals.44-46 For example, when Au/Ag striped nanorods are 
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illuminated at 430 nm the Ag stripes are more reflective, i.e. brighter, and the Au stripes 

are darker (Figure 1.5). The striping pattern can be easily visualized in a bright-field 

reflectance image under a conventional optical microscope. Theoretically, 5-µm nanorods 

made of two metals with 10 stripes can yield a total of 528 codes. The number of codes 

can be drastically exemplified by increasing the number of the stripes or the metals used 

(i.e. Pt, Pd, Ni, Co, or Cu). Ag and Au are the most common stripping metals because Ag 

and Au have the biggest reflectance difference at 430 nm. The fact that both Au and Ag 

surfaces are easily functionalized with probe biomolecules, such as thiolated 

oligonucleotides and antibodies, also reduces concerns over chemical heterogeity across 

particle surface.  

     Because striped metal nanorods can be synthesized to yield a relatively large 

number of readily-distinguishable patterns and their surfaces can be modified with 

various chemical functional groups with ease, they are ideal for multiplexed bioassays. 

By functionalizing the particles with the capture probe of interest, the striped metal 

nanorods bind to target analytes in solution; consequently fluorophore-labeled reporter 

molecules coupled to the detection probe are attached to the particle surface. After 

collecting both the reflectance and fluorescence images of the particles, the fluorescence 

image is used to locate the particles where positive binding occurs and to quantify the 

amount of the target molecule bound on the nanorods. The reflectance image is then used 

to read the stripe of the particles where positive binding occurs to reveal the identity of 

the analyte bound on the nanorods. The striped metal nanorods have been used in 

multiplexed bioassay for pathogen detection49 and SNP genotyping50.  

1.1.2.2.2 Photo-bleached fluorescent microspheres  

    Another example of graphical-encoding methods is to selectively photo-bleach 

patterns onto fluorescently dyed microspheres under a focused laser beam in a modified 

laser scanning confocal microscope (Figure 1.6).27 Various patterns with different 

photo-beaching levels have been “written”, including symbols, alphanumeric codes and 

parallel-line barcodes. This direct-patterning technique can theoretically yield an 

unlimited number of codes. However, the coding (i.e. writing) and decoding (i.e. reading) 

processes are time-consuming and can only be carried out with a confocal microscope, 

which makes it unsuitable for high-throughput multiplexed assays. 
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1.1.2.2.3 Structural pattern microparticles 

    A third method of graphic encoding is based on microstructuring different materials 

to creating patterns. 3D Molecular Sciences Ltd. (3DMS, Cambridge, UK) developed 

polymer microparticles encoded with a pattern of holes.28 These ImageCodes were 

manufactured by photolithographic burning a pattern into wafers with UV light and a 

mask. They are designed to be read on a flat plate and have dimensions of 500 x 300 x 25 

µm. They are patterned with square array of holes, representing binary digits constituting 

a code. An example of such encoding microparticles is shown in Figure 1.7(A): the 

L-shape patterned of holes around the edge is used to identify the orientation of 

microparticles, while the rest of holes make up the code for identification. Target 

molecules are detected using fluorescent dye labeled reporter, and thousands of particles 

can be decoded at the same time using the company’s pattern-recognition software. 

    SmartBead Technology Ltd. (now Pronostics Ltd.) has also developed a similar 

graphic pattern called UltraPlex. These codes are manufactured from aluminum rods 

patterned with holes using standard semiconductor microfibrication techniques.29 A 

example of such encoding particles is shown in Figure 1.7(B). Theoretically, millions of 

different codes can be achieved. Probe molecules are bound to the rods using proprietary 

surface chemistry and the bound targets molecules are reported with fluorescent dye. The 

company also offered a fully automated reaction and imaging system for multiplexed 

immunoassay carried out in 96-well plates.  

    Another encoding technology is using holes patterned into microparticles, where 

SU8 moulds are used to produce nickel/PTFE/gold pattern particles.30 The gold layer 

provides a surface for chemical attachment of biomolecules (via thiols) and nickel layer 

offers mechanical stability. These particles have been successfully used in a 3-plex 

immunoassay51 and a 3-plex oligonucleotide hybridization assay has also been 

demonstrated52.    

    Doyle and his colleagues have recently developed an encoding technology to 

manufacture multifunctional encoded microparticles.31 They incorporated encoding, 

analyte attachment and reading of the codes all within a microfluidic system. The 

multifunctional encoded microparticles are manufactured as shown in Figure 1.8(A), two 

streams of the monomers of poly(ethylene glycol) (PEG) flow together down a 
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microchannel, remaining separated in a laminar flow inside microchannels. One stream 

contains fluorophore-labeled monomers which form the code region, while the other 

contains monomers and a biological capture probe. The particles are defined and 

patterned using UV light passed through a mask and a reduction lens; regions of high UV 

intensity polymerize the monomers forming a solid particle. The particle is shown in 

Figure 1.8(B): one half of it is the coding region that consists of two 

orientation-identification elements while the other half of the particle has the biological 

probe attached for use in a bioassay. A 2-plex oligonucleotide hybridization assay has 

been demonstrated using these encoded particles. 

1.1.2.3 Electronic encoding 

    Electronic encoding which uses radio-frequency devices for encoding has also been 

reported.32, 33 One of the examples is using a 8 x 1 x 1 mm semiconductor device enclosed 

into a chemically inert porous container along with polymer microspheres which were 

used as reaction supports. This container was split into separate groups and each group 

was encoded with a radio-frequency signal corresponding to the building block added to 

the microspheres. The probes attached to the microspheres were identified with specially 

designed radio-frequency memory-retrieving device. These electronically encoded 

microspheres are chemically inert and the coding is no-invasive, however, they are not 

suitable for multiplexed bioassay due to their large size.  

1.1.2.4 Physical encoding  

    Physical properties of microparticles, such as size, shape and reflective index, can 

also be used for encoding. Diasorin (Saluggia, Italy) has developed the Copalis system 

which was based on the particle size.34 This system has the ability to discriminate 

approximate 0.1 µm difference in the particle diameter based on low-angle light 

scattering using their dedicated flow cytometer. And multiplexed immunoassay for three 

analytes has been demonstrated. 3D Molecular Sciences also reported a method based on 

optically readable polymer particles encoded with different shape, calling Flocodes.28 

They claimed that these particles could be decoded in a customized flow cytometer, 

where the fluorescence of reported molecules and identify the pattern scattered light when 

the particle passed through the detector can be simultaneously measured. 
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1.1.3 Conclusions 

    Multiplexed bioassays, especially suspension assays based on encoded 

microparticles have been widely used commercially for assays that require analysis of a 

larger number of biomolecules in small sample volumes, where applications have been 

carried out in clinical diagnostics, gene expression, and drug discovery. They have 

demonstrated molecular concentration sensitivities comparable to traditional technologies, 

such as ELISAs and microarrays. This makes them realistic future candidates for high 

throughput, low sample volume replacement for these traditional technologies.  

    Although many techniques for multiplexing have been developed and applied to the 

multiplexed bioassays, such multiplexing techniques are also accompanied with several 

challenges. For example, due to the inherent sensitivity, fluorescence is the most popular 

method of choice in the detection of multiplexed bioassays. However, to date, pre-labeled 

fluorescent reporter molecules are prerequisites for most fluorescent detection, which 

prolongs assay time and increases assay cost. The needs to overcome such a hurdle have 

motivated researcher in developing a label-free, multiplexed assay system.  

1.2 Optical biosensor based on the fluorescent conjugated polymers 

    In recent years, fluorescent conjugated polymers as optical probes in biosensing 

applications have attracted much attention and have undergone enormous growth.53-58 

Conjugated polymers, characterized by their delocalized electronic structure, are novel 

materials with useful optical and electrical properties.59 Depending on the structure, most 

conjugated polymers can exhibit strong fluorescence, and the fluorescence efficiency is 

related to delocalization and polarization of the electronic structure. 

1.2.1 Advantages of using fluorescent conjugated polymers in biosensing 

    The delocalized electronic structures of conjugated polymers offer them several 

advantages as the optical probes in biosensing applications. These polymers contain a 

large numbers of absorbing units and can act as excellent light harvesters. Furthermore, 

their optical properties can be effectively tuned by changing the chemical structure, 

effective conjugation length, intramolecular conformation and intermolecular packing, 

thus providing mechanisms that can be implemented in sensing application.60-71 In 
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addition, the optical properties of conjugated polymers are extremely sensitive to 

structural perturbation or external stimuli due to their delocalized electrons, which 

facilitate effective energy transfer along the backbone and offer the ability to self-amplify 

the fluorescence quenching response upon binding of an analyte. Therefore, these 

polymers are good candidates as a fluorescent probes for sensing.  

1.2.2 Synthesis of water soluble conjugated polymers 

    Successful synthesis of water soluble conjugated polymers is a prerequisite to 

develop a homogeneous biosensor in aqueous solution. Water soluble conjugated 

polymers are typically obtained by attaching charged pendant groups onto traditional 

conjugated backbone, such as poly(thiophene), poly(p-phenylene), or poly (fluorene).72-75 

Figure 1.9 shows the molecular structures of typical water-soluble conjugated polymers. 

Among these water-soluble conjugated polymers, cationic conjugated polymers are 

particularly useful. This is because some biomolecules, such as DNA and RNA, are 

negatively charged. When they are mixed, electrostatic interactions will bring them 

together, resulting in the changes of optical properties of conjugated polymers or efficient 

energy transfer from conjugated polymers to fluorophore labeled biomolecules. 

1.2.3 Detection schemes of conjugated polymers based biosensing 

    The driving interest of using conjugated polymers as the optical probes in biosensing 

is derived from their ability to produce optical signal (colormetric or fluorometric) in 

response to biomolecular binding with high sensitivity. Several detection modes have 

been developed for the fluorescent conjugated polymer based biosensing. Generally, they 

can be divided into three basic categories: fluorescence superquenching of polymers, 

energy transfer-based Förster resonance energy transfer (FRET) assays, or polymer 

conformational change-based ones.  

1.2.3.1 Biosensing based on fluorescence superquenching of polymers 

    The main advantage of use fluorescent conjugated polymers as optical probes 

compared to small molecules in biosensing application is their ability of multiple 

interactions and a collective response that enhances the sensor signals. Figure 1.10 shows 

how conjugated polymers amplify the molecular recognition signal via a mechanism 
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known as photo-induced electron transfer fluorescence quenching initialized by Swager 

and his coworkers.76, 77 Irradiation of the polymer with a photon causes excitation of an 

electron, which then migrates along the polymer backbone. The binding of a quencher 

produces a trapping site in which the excited electron is effectively deactivated and the 

polymer can’t longer fluoresce. It has been found that one quencher molecule can quench 

fluorescence emission from a polymer chain of up to several hundred repeating units, 

which is much more efficient compared to that of the individual monomeric fluorophore. 

 This mechanism, which has been attributed as amplified quenching or 

surperquenching, has been explored by several groups for sensing of small molecules and 

biomolecules.78-90 The Whitten group was the first to report the use of such 

superquenching effect for biosensing applications.85 By adding the small molecule methyl 

viologen (MV2+) to anionic conjugated polymers, poly(2-methoxy -5-propyloxy sulfonate 

phenylene vinylene) (MPS-PPV), a very efficient quenching could be achieved. It was 

found that one MV2+ molecule could quench 100 repeat units of polymers, which is 

approximately equivalent to one whole polymer chain. They also demonstrated the 

detection of a protein-binding event by using a biotinylated methyl viologen (B-MV). 

B-MV quenched the MPS-PPV, however, when avidin was added to B-MV/polymer 

mixture, a recovery of fluorescence was measured due to the stronger affinity between 

biotin and avidin. Heeger and his coworkers also showed a more versatile approach of 

using superquenching effect of conjugated polymers in the detection of antibody-antigen 

interactions.86 In their study, quenching of a PPV derivative in the presence of DPN (2, 4 

dinitrophenol) and unquenching upon addition of anti-DPN IgG were observed. 

    The superquenching phenomena of conjugated polymers were also used in the 

assays of enzymatic activities. The Schanze group reported the use of anionic PPE for the 

assay of protease activity.87 The detection was based on electrostatic interactions between 

one sulfonated and one carboxylated PPE and quencher-labeled enzyme substrates in the 

form of cationic peptides. By this way, they detected enzymatic activity at the very low 

thrombin concentration of 2.7 x 10-9 M after 100 s’ incubation. The Whitten group also 

reported a similar approach,88 where a quencher was covalently bound to the enzymatic 

peptide substrate, but the association of quencher to conjugated polymers was realized by 

biotin and avidin binding protein. They demonstrated the quenching assay for three 
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proteases. The Swager group used a PPE with part of side chains conjugated with 14-mer 

peptide specific to protease trypsin.89 Also a quencher was added to the end of the peptide 

to effectively quench the fluorescence of PPE. Upon enzymatic cleavage of the peptide, 

an increase of the fluorescence by one order of magnitude was observed. In addition, 

detection of other enzymatic activity in terms of phosphatases and kinases has also been 

reported using the superquenching effect of conjugated polymers.90   

1.2.3.2 Biosensing based on energy transfer via FRET of polymers 

    Förster resonance energy transfer (FRET) describes energy transfer between two 

chromophores (Figure 1.11).91 Via a long range, dipole-dipole interaction mechanism, 

FRET allows the energy of a donor chromophore in its excited state to transfer to an 

acceptor chromophore in close proximity (<10 nm), resulting in the emission of acceptor 

chromophore. The strong distance dependence of FRET makes it useful for biosensing 

because biomolecule interactions affect changes in the distance between chromophores 

and can be monitored by acceptor emission intensity. 

    The chemical structure of conjugated polymers offers them an excellent energy 

donor in FRET based biosensing scheme. Their high extinction coefficients originated 

from the delocalized backbone make conjugated polymers effective light harvesting 

materials. The electron in the excited state from photo-excitation is highly mobile and 

enables efficient FRET when its emission profile sufficiently overlaps spectrally with the 

excitation profile of the immobilized acceptor, which subsequently allows amplified 

fluorescence and enhanced sensitivity. Biosensors based on FRET of conjugated 

polymers have been demonstrated in a wide range of bioassays, including DNA and 

ligand-receptor interaction detection.92-121 

    DNA sensors based on the energy transfer of cationic conjugated polymers via 

FRET to dye-labeled probe molecules were first developed by Bazan and his colleagues 

at UCSB.72, 92-94 This technique relies on effective energy transfer from a cationic 

polyfluorene to a fluorophore-labeled peptide nucleic acid (PNA) probe. A schematic 

illustration of this sensor is shown in Figure 1.12. This system consists of two parts: the 

cationic conjugated poly(fluorene-cophenylene) (Figure 1.12 inset), and a fluorophore 

(C*), which is chosen for its strong spectral overlap with the polymer to favor effective 

FRET and has been bound to a PNA probe. When target ssDNA with the complementary 
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sequence to the PNA probe is added to the solution (situation A), hybridization takes 

place to yield the PNA-DNA duplex with strong negative charges. Electrostatic 

interaction binds the cationic polymer to the PNA/DNA duplex. Therefore, the dye and 

the polymer are brought sufficiently close to allow efficient FRET to take place. However, 

when non-complementary ssDNA sequence is added, hybridization does not take place 

(situation B). Electrostatic interaction occurs only between the polymer and DNA in 

solution, and the distance between polymer and PNA-C* without DNA is too large for 

FRET. Using the cationic conjugated polymer as a light-harvesting donor, they observed 

greater than 25 times in amplified emission of the acceptor compared to direct excitation 

of the acceptor, and a detection limit of DNA as low as 10 pM was demonstrated. This 

same concept has also been explored for the detection of SNP,95-97, DNA methylation,98, 

99 DNA damage,100, 101 and small biomolecules102, 103. 

    The Bazan group also reported the use of traditional DNA-DNA duplexes for the 

sensing recognition chemistry, instead of using more expensive PNA.104 In this scheme, 

although dye labeled probe DNA has some electrostatic interaction to the cationic 

conjugated polymers, when a complementary target DNA was introduced, they observed 

a three fold increase in fluorescence intensity relative to non-complementary strand added. 

However, the sensitivity and selectivity are limited by non-specific binding between 

dye-labeled ssDNA and cationic polymer due to their electrostatic interactions. Therefore, 

they tried to improve the assay performance of the polymer/DNA sensor by using a 

well-known DNA intercalating dye, ethidium bromide (EB), as an energy acceptor.105 EB 

is known to have an increased fluorescence quantum yield upon intercalating between the 

stacked bases of dsDNA. The same system as the previous method was used except EB 

was introduced and the sensing was based on the emission of EB. When target DNA 

hybridized with probe DNA to form dsDNA, EB is selectively intercalated into the 

hydrophobic regions of the double helix. Cascaded FRET signal amplification of EB is 

measured by a stepwise energy-transfer process, which is called a fluorescence resonance 

gate (FRET gate) by the authors, from polymer to fluorescein (FRET1) and then from 

fluorescein to EB (FRET2). As a result, a substantial increase in EB emission was 

obtained through the light harvesting and signal amplifying properties of the conjugated 

polymers. Similar cascaded FRET studies have also been reported between conjugated 
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polymers and another intercalating dye, PicoGreen, which has a larger absorption 

coefficient than EB. It was found that conjugated polymer based DNA sensing with 

PicoGreen had a detection sensitivity improved by a factor of almost 20.106 

    These conjugated polymers have also been incorporated into the solid phase for 

bisensing via FRET, such as particles or microchip.107-112 Fan and coworkers have 

reported the use of magnetic particles that significantly improved the sensitivity and 

selectivity of conjugated polymer based DNA detection.107 In their study, DNA capture 

probes were attached to magnetic microparticles and then mixed with target DNA and 

signaling DNA probes labeled with fluorescein to form sandwich complexes on the 

magnetic particles. Target DNA was then isolated from unbound mismatch DNA by 

applying a magnetic force. Therefore, the magnetically assisted assay can eliminate 

nonspecific interactions of mismatches in the target sequence. The target DNA and 

signaling DNA was then released from the particles, and then the conjugated polymers 

were added to the re-hybridized DNA in the solution for the amplification of fluorescence. 

By this way, DNA target can be detected as low as 100 pM. Liu and coworker also 

demonstrated silica nanoparticles assisted DNA assay based on the optical signal 

amplification of conjugated polymers.108 They reported 110 fold of signal amplification 

was achieved, which allowed detection of target DNA at concentration of 10 pM. A 

similar detection scheme was also used for the fluoroimmunoassay of IgG with high 

sensitivity and selectivity.109 

1.2.3.3 Biosensing based on conformational changes of polymers 

    Conjugated polythiophene derivatives can display remarkable changes of optical 

properties due to conformational changes of polymer chains in response to environmental 

stimuli, such as changes of solvent, temperature, and binding to other molecules. This can 

be attributed to a change in the effective conjugation length of delocalized π-conjugated 

polymer backbones and quantum yield of polymer fluorescence between two 

conformations. This conformational change-induced optical property changes in the 

conjugated polymer can be used to report biological processes, such as DNA 

hybridization or ligand-receptor interactions.122-138 Comparing to the previously described 

biosensors based on FRET technique, this approach does not require any chemical 

modification or labeling of the probe prior to detection, i.e. label-free.  
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    The Leclerc group have demonstrated the use of cationic conjugated polythiophene 

derivatives as the label-free fluorescent reporter for rapid and sensitive detection of 

DNA.122 This method is based on the conformational difference of a water-soluble 

imidazolium-substituted poly(thiophene) binding to single-stranded DNA (ssDNA) or 

double-stranded DNA (dsDNA) via electrostatic interaction, which can specifically report 

DNA hybridization into a clear optical (colorimetric or fluorometric) signal (Figure 1.13). 

Specifically, when mixed the polymer with a 20-base ssDNA at 1.0 equivalent (based on 

charge units) ratio, the color of the solution changed from yellow (λmax = 397 nm) to red 

(λmax = 527 nm) within 5 min, and fluorescence of polymer was strongly quenched. This 

was due to the formation of a so-called “duplex” between the cationic conjugated 

polymer and ssDNA driven by electrostatic attraction that induced planarization of the 

polymer backbone from the prior random-coil (twisted) conformation to a highly 

conjugated and aggregated of polymer chain (seen as a red shift of the absorbance). The 

strongly decrease of polymer fluorescence is due to inter-polymer chain quenching 

caused by the close proximity and stiffening of polymer chain. However, when 1.0 equiv 

of the complementary ssDNA was added to the red mixture at elevated temperature 

(>45°C), the solution turned back to yellow (λmax =421 nm), which the authors attributed 

to the formation of a polymer-dsDNA “triplex” after DNA hybridization. In the triplex 

form, the backbone of the conjugated polymer became loose and again twisted in order to 

wrap around dsDNA; the polymer units became less ordered with less inter-chain 

quenching and more fluorescence. Therefore, by monitoring changes in fluorescence of 

the polymer complexes, DNA hybridization can be detected. The detection limit of the 

fluorometric method is about 3 x 106 molecules of complementary DNA in a total volume 

of 200 µL (which is corresponding to a concentration of 2 x10-14 M). It is also possible to 

distinguish oligonucletide with two or even one mismatch.  

  By using a custom-built fluorimeter based on a high-intensity blue LED for 

polymer excitation and nondispersive filter, Leclerc group reported that the detection 

limit was improved by about two orders of magnitude better than those with conventional 

fluorimeter.123 In addition, the use of 0.3 mM of nonionic surfactant (Triton X-100) can 

also improve the detection limit by another order of magnitude. With these combined 

improvements, a few hundred copies of either DNA or RNA can be specifically detected. 
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Moreover, by tagging their capture ssDNA with a fluorophore (Alexa Fluor 546), a 

combination of electrostatic interactions, chromism, and a FRET mechanism has led to 

even more sensitive DNA detection via fluorescence signal amplification.124 As a result, 

five copies of target DNA in 3 mL volume (3 zM) could be detected by this method. This 

technique was described as “superlighting” or “fluorescence chain reaction” (FCR) 

mechanism.125 Using the same amplification mechanism, the authors also incorporated 

the conjugated polymers into microchips for the ultrasensitive specific DNA array 

detection.126  

    Inganäs and co-workers also reported a zwitterionic poly-(3-alkylthiophene) which 

demonstrated similar opitcal transduction of DNA hybridization, in comparison to 

Leclerc’s work.127-131 However, they successfully carried out this procedure at room 

temperature. Upon addition of 1.0 equiv of a 20-mer ssDNA probe, the absorbance of the 

solution red shifted and the fluorescence decreased. Such changes were attributed by the 

authors to interchain interactions due to aggregation induced by electrostatic and 

hydrogen-bonding interactions between the polymers and the ssDNA, as well as to 

polymer backbone planarization caused by disruptions of internal interactions between 

the amino and carboxyl groups on the polymer side chain. If a complementary ssDNA 

was added, a blue shift of absorbance and an increase in emission intensity was observed, 

which was due to polymer chains interacting with dsDNA, resulting in a less elongated 

conformation. A detection limit of 10-11 mol of DNA in a 1.5 mL liquid was obtained. 

    It is also possible to use catioinic conjuagated polythiophene derivatives as a signal 

transducders for the specfic detection of protein, as developed by Leclerc group.132 The 

detection is based on the different electrostatic interaction and conformation structure 

between the conjuagated polymers and negative charged oligonucleotides as specific 

aptamer for a given protein. Figure 1.14 showed the specfic detection of human 

α-thrombin. The cationic polymers were first mixed with thrombin aptamer ssDNA 

(5’-GGTTGGTGTGGTTGGG-3’) to form dupexes with low fluorescence. At the 

presence of thrompin, the thrompin promoted the formation of quadruplex form of 

thrombin aptamer, and the cationic conjugated polymer wrapped this quadruplex structure. 

As a result, conjugated polymer underwent a conformational changes which made it 

fluorescent. However, if a non-specific protein (BSA) was added, no binding happened 
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and the conjuagted polymers remained in duplex form with fluorescence quenched. By 

this way, a detection limit of 2 x 10-15 mol of thrompin in 200 µL volume ( corresponding 

to 1 x 10 -11 M) was achieved. The authors also applied fluorescence signal amplification 

(FCR) approach to the detection of thrompin protein on the solid support, and a detection 

limit of about 1.5 x 107 thrompin molecules was obtained together with a very high 

sepecificity.133  

1.3 Label-free, multiplexed bioassay on metallic striped nanorods using fluorescent 

conjugated polymers 

    As summarized in the previous sections, multiplexing techniques allow people to 

obtain high density of biomolecule information with reduced assay time, cost and sample 

volume. Such multiplexed bioassays have been demonstrated after overcoming the 

technical hurdles in encoding, functionalizing, decoding, detecting, and improving the 

limited number of assays to be performed simultaneously. However, challenges in 

simplifying the tagging process and eliminating the need for pre-labeling reporter 

molecules for detection still remain. The needs to overcome such a hurdle have motivated 

research in developing a label-free multiplexed assay system. Conjugated polymers, 

especially, conjugated polythiophene derivatives, offer a unique opportunity as the optical 

probe for biosensing in a label-free fashion with high sensitivity and specificity.  

The research focus of this Ph. D. work is to develop a label-free, multiplexed 

bioassay platform using metallic striped nanorods as the encoding substrates and 

fluorescent conjugated polymer as a label-free signal transducer. Scheme 1.1 illustrates 

the overall detection strategy of this label-free, multiplexed bioassay system for DNA 

detection. DNA capture probes are first mixed with the cationic conjugated polymer 

stoichiometrically on a repeating-unit basis to form polymer-ssDNA duplexes with weak 

fluorescence. The duplexes are then covalently bound to the corresponding nanorods of 

certain pattern. When the target DNA of the complementary sequence is added, a triplex 

is formed after hybridization and polymer undergoes a conformational change that makes 

it fluoresce strongly upon excitation at 423 nm. The multiplexed assay is performed on a 

microscope where both reflectance and fluorescence images of the nanorods are collected. 

The identity of the target DNA is determined by the pattern of the nanorods, i.e. the 

corresponding capture probe, with strong fluorescence. The amount of the target 
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molecules is quantified by the fluorescence intensity on the corresponding nanorod 

pattern. This approach eliminates the necessity of target labeling required in traditional 

multiplexed bioassays.  

Chapter 2 describes the synthesis and characterization of metallic striped nanorods 

and cationic conjugated polythiophene derivatives. Au/Ag stripped nanorods were 

prepared by templated, sequential electrodeposition of Au and Ag into a mesoporous 

membrane. In addition, cationic conjugated polythiophene derivatives were successfully 

synthesized according the published procedure. Optimization of synthesized conjugated 

polymers based DNA detection in aqueous solution was also investigated.   

 Chapter 3 describes the proof-of-concept experiment for label-free, multiplexed 

DNA detection on Au/Ag stripped nanorods using cationic conjugated polythiophene 

derivatives. The sensitivity and specificity of conjugated polymer based DNA detection 

on silica coated nanorods was later studied. To conclude, DNA detection in a triplex 

fashion was also demonstrated with high selectivity. 

 Chapter 4 describes the distance-dependent fluorescence quenching study of 

conjugated polymers on the nanorods, to improve the assay performance of conjugated 

based bioassay on nanorods. Silica layer with tunable thickness was coated onto the 

nanorods, and the impact of coating thickness on the fluorescence output of conjugated 

polymers was investigated. For comparison, distance-dependent quenching of small dye 

molecules or polymers on metal substrates of different shapes was monitored in parallel. 

 Chapter 5 describes a detailed study on thermodynamics and kinetics of formation of 

cationic polymer-DNA complexes. The preliminary finding confirmed the strong 

influence of electrostatically charged conjugated polymers on the stability and reaction 

rate of DNA hybridization.  

    Chapter 6 describes the extension of multiplexing concepts to miRNA detection. It 

was found hybridization of miRNA to polymer/DNA duplexes produced much lower 

fluorescence signal than that of DNA due to their conformational difference. A 

competitive method was developed to compensate the weaker fluorescence responses of 

polymer-RNA-DNA complexes for miRNA detection. The optimized length of DNA 

competitor was determined and the assay performance was investigated. 
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    Chapter 7 describes multiplexed detection of protein cancer markers on the metallic 

striped nanorods using fluorescent conjugated polymers. To use conjugated polymers as 

transducer for specific protein binding event, DNA was introduced as bridging molecule 

to protein detection probes. The antigen binding event was revealed by electrostatic 

binding of cationic polythiophene derivatives onto the negatively charged dsDNA tagged 

onto a secondary antibody probe prior to antigen recognition. Three cancer markers, 

prostate specific antigen (PSA, prostate cancer marker), carcinoembryonic antigen (CEA, 

colorectal cancer marker), and β-human chorionic gonadotropin (βhCG, testicular cancer 

marker), were used as the model molecules to examine assay performance. 
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Schemes 
 

Scheme 1.1 Conceptual illustration of using conjugated polythiophene derivatives as 
transducers for label-free, multiplexed DNA assay on the Ag/Au striped nanorods 
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Tables 
 

Table 1.1 Summary of different encoding methods of particles in a solution array 

Encoding 

strategies 

Example encoding 

materials 

Decoding & 

detection methods 
Limitations Reference 

Fluorescent dye Fluorescence 16, 17 

Quantum dots Fluorescence 18 

Chromophores Absorption 19 

Multiple 

wavelength/spatial 

fluorescence 

Fluorescence 20 

Raman tags Raman 21-24 

Optical 

Silicon photonic 

crystals 

Fluorescence and 

reflectivity 

• Limited codes, 

• Relies on sophisticated 

instruments for 

readouts, 

• Potential interference 

of encoding and 

detection spectra 
25 

Metal strips 
Reflectance and 

fluorescence 
26 

Selective 

Photobleaching 

code 

Fluorescence; 

confocal 

microscope only 

27 Graphical 

Structural pattern 

particles 
Physical pattern 

• Sequential particle 

synthesis 

• Decoding is 

time-consuming 

• High throughput 

limited 29-31 

Electronic 
Radio frequency 

memory tags 
Radio frequency 

• Size limited, 

• Instrument limited, 

• Synthesis of the 

particle is expensive 

and slow 

32, 33 

Particle size Physical pattern 34 
Physical 

Particle shape Physical pattern 

• Limited codes, 

• special instrument 28 
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Figure 1.7 (A) Optical image of 3DMS image code. The L-shaped pattern of holes 
indicates the orientation and the central holes make up a binary code (Ref. 28). 

 (B) Optical image of encoded aluminum rods (Ref. 29). 
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Figure 1.8 (A) A scheme drawing of manufacturing of multifunctional encoded particles 

from a PEG photo-polymer.  (B) The resulting particles containing a code featuring 
orientation indicators and coding elements, and an analyte region, both of which are read 

along the lines defined by the arrows. (Ref. 31) 
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Figure 1.9 Examples of water-soluble conjugated polymers used in biosensing 

applications (Ref. 54) 
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Figure 1.10 Mechanism for amplification of fluorescence quenching of a conjugated 
polymer upon interaction with the quencher via excited electron transport and electron 

transfer (Ref. 77) 
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Figure 1.11 Mechanism of FRET. Proximity of a donor chromophore and acceptor 
chromophore caused energy transfer of exicited donor to acceptor, resulting in the 

emission of acceptor chromophore.  
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Figure 1.12 Schematic representation of a PNA-DNA assay using a water-soluble 
conjugated polymer (inset) in FRET (Ref. 72) 
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Figure 1.13 Schematic description of formation of polythiophene/ssDNA duplex and 
polythiophen/hybridized dsDNA triplex (Ref. 122) 
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Figure 1.14 Schematic description of the specific detection of human α-thrombin using 
ssDNA thrombin aptamer and cationic polythiophene derivatives (Ref. 132) 
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CHAPTER 2 Synthesis and Characterization of Au/Ag Striped Nanorods 

and Cationic Polythiophene Derivatives  

2.1 Introduction 

    As introduced in the Chapter 1, metallic striped nanorods circumvent the spectral 

overlapping problem of optically encoded microparticles. These nanorods are 

cylindrically shaped (nanometers in diameter and microns in length) and contain stripes 

of different metals, such as gold, silver, and platinum.1 The observed striping pattern 

comes from different reflectivities of adjacent metals at certain wavelength, allowing it to 

be distinguished in the reflectance image using optical microscope. Because metallic 

striped nanorods can be synthesized to yield a relatively large number of 

readily-distinguishable patterns and their surfaces can be modified with various chemical 

functional groups with ease, they are ideal as encoded substrates for multiplexed 

bioassays.2, 3  

    Fluorescent conjugated polymers, especially cationic polythiophene derivatives, 

offer a unique opportunity as the optical probe for biosensing in a label-free fashion with 

high sensitivity and specificity.4, 5 The detection strategy relies on the conformational 

changes of polymers when they electrostatically bound to single-stranded DNA (ssDNA) 

verse to double-stranded DNA (dsDNA), which in turn resulted in significant changes in 

the optical properties of polymers.      

    In this Chapter, synthesis of Au/Ag striped nanorods and cationic polythiophene 

derivatives was described according to the published procedures. Preliminary 

optimization of conjugated polymer based label-free DNA detection in solution was also 

studied to lay down the ground work for later Chapters.  

2.2 Experimental Sections 

2.2.1 Materials 

    Aluminum membranes (0.2 µm pore size, Anodisc) were purchased from Whatman 

(Clifton, NJ). Ag plating solution (ACR 1025 Ag) and Au plating solution (Orotemp 24) 

were obtained from Technic (Cranston, RI) and used as received. Pt wires, Ag shots 
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(99.99% pure), and Ag films (2 mm thick) were purchased from Alfa Aesar (Wall Hill, 

MA). HNO3, NaOH, methanol, diethyl ether, toluene, hexane, acetonitrile, chloroform, 

acetone, and ethanol were purchased from Fisher (Pittsburg, PA). 3-bromo- 

4-methylthiophene, 1-Methyl-2-pyrrolidone (NMP), 1-methyl imidazole, 2-bromoethanol, 

ethyl acetate, hydrazine anhydrous, sodium methoxide, FeCl3, CuBr, MgSO4, and Triton 

X-100 were purchased from Sigma-Aldrich (St. Louis, MO). NaHSO4 was purchased 

from Fluka (Milwaukee, WI). All oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, IA). The sequences of DNA used in this Chapter are listed in 

Table 2.1.  

2.2.2 Synthesis of Au/Ag striped nanorods 

    Au/Ag striped nanorods are synthesized by templated, sequential electrodeposition 

of Au and Ag into a mesoporous aluminum membrane (Scheme 2.1) according the 

published procedures.6, 7 Briefly, a layer of 300 nm Ag film was firstly evaporated onto 

the back side of membrane using an Edwards Auto 306 evaporation unit equipped with a 

quartz crystal monitor for charactering film thickness. This Ag film would act as the 

working electrode for the reduction of metal ions from the solution. Then the open side of 

the membrane was immersed in the desired metal ionic solution (Au or Ag) for 

electrodeposition with an EG&G Potentiostat (Model 273). The length of the deposited 

metal strip is controlled by the coulombs passed through the electrodes. To prepare 

nanorods with different metal strips, one metal was deposited for a specific period of time 

then another metal solution replaced the old one. This process was repeated as needed. 

After electrodeposition of desired metals, the nanorods were released from the template 

membrane: the Ag backing was first etched with 33% HNO3 for 1 min or until the Ag 

color disappeared. (Note: when Ag is used as the terminal strip, a short piece of Au cap, 

2~3 min at standard current, must be added to avoid the etching of Ag terminal). Then the 

alumina membrane was placed in 3 M NaOH for at least 30 min to dissolve alumina. The 

suspended nanorods were rinsed with ethanol three times and stored in 1 mL of ethanol. 

Typically, one membrane yields ~1 x 109 nanorods.  
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2.2.3 Nanorods imaging 

    The striping pattern of synthesized nanorods was readout on a Zeiss Axiovert 35 

microscope equipped with a brightfield reflectance filter set (Chroma, D495/40X, 

Q660DCLP dichroic, and 0.3 ND) for reflectance imaging. Samples were prepared by 

first dropping 10 μL of nanorod solution onto a glass slide. The nanorods were allowed to 

settle to the bottom of glass slide for at least 2 min, followed by placing a coverslip atop. 

The assembly was sealed and flipped over for epi-imaging. Then the reflectance images 

were taken using a 63 X oil immersion lens. 

2.2.4 Synthesis of cationic polythiophene derivatives 

    A cationic conjugated polythiophene derivative was synthesized according to the 

recently published procedures, as illustrated in Scheme 2.2.4, 5  

(1) Synthesis of 3-Methoxy-4-methylthiophene 

 2.4 g of sodium methoxide (CH3ONa, 45 mmol) was dissolved in 10.3 mL of 

anhydrous methanol under nitrogen, and 7.1 mL (73.6 mmol) of NMP was added. The 

mixture was heated to 110 ºC until methanol was removed. The reaction mixture was 

cooled down to 60 ºC and 2.9 mL (25.9 mmol) of 3-bromo-4-methylthiophene and 0.405 

g (2.8 mmol) of CuBr were added. The reaction mixture was heated up to flux at 110 ºC 

for 3 hrs. After the mixture was cooled down, diethyl ether (totally 80 ml) was added and 

the mixture was filtered on Celite. The organic phase was washed twice with 40 mL of 

saturated solution of NH4Cl. The organic layer was dried over MgSO4 powder. Then 

diethyl ether was evaporated on a rotary evaporator without heating. The orange product 

obtained was purified by column chromatography on silica gel with pentane (Rf = 0.33). 

The product was dried on a rotary evaporator without heating to yield a light 

yellow-colored oil-like product of about 3.4 g (yield: ~90%). 1H NMR spectrum (300 

MHz, CDCl3, 25 oC, TMS) of the obtained product was shown in Figure 2.1: δ = 6.735 

(1H, d), δ =6.087 (1H, d), δ = 3.76 (3H, s), δ = 2.033 (3H, s). 

(2) Synthesis of 3-(2-bromoethoxy)-4-methylthiophene 

1.6 g (13.3 mmol) of NaHSO4 was suspended in 16 mL of toluene, and 1.7 g (13.25 
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mmol) of as prepared 3-methoxy-4-methylthiophene and 2.85 mL (80.4 mmol) of 

2-bromoethanol was added. The product of methanol was distilled from the mixture until 

the temperature rise to 110 ºC. Then 2.5 mL of 2-Bromoethanol was added and the 

distillation was repeated. This procedure was repeated three times and the solution was 

refluxed overnight. The mixture was cooled down and diethyl ether was added. The 

organic phase was filtered and washed with water until the aqueous layer was neutral. The 

organic layer was dried over MgSO4. Diethyl ether was evaporated on a rotary evaporator. 

The product was purified by column chromatography on silica gel with 10% ether / 

hexane to eliminate salt residue and toluene (Rf = 0.5). Finally, about 1.2 g of 

orange-colored oil (yield: ~35%) was obtained. This product was kept in the dark in the 

freezer. 1H NMR spectrum (300 MHz, CDCl3, 25 oC, TMS) of the obtained product was 

shown in Figure 2.2: δ = 6.78 (1H, d), δ = 6.12 (1H, d), δ = 4. 22 (2H, m), δ = 3.592 (2H, 

m), δ = 2.0495 (1H, s). 

(3) Synthesis of 3-(2-(N-(N-methylimidazole))ethoxy)-4-methylthiophene 

    0.5 g (2.3 mmol) of 3-(2-bromoethoxy)-4-methylthiophene was dissolved in 33 mL 

of acetonitrile, and 1 mL (12 mmol) of 1-methylimidazole was added. The solution was 

heated to 70 oC for 2 days. Acetonitrile was evaporated on a rotary evaporator to obtain 

yellow oil. This oil was washed twice with ethyl acetate and twice with diethyl ether by 

precipitation. The product was dried in vacuum to yield about 0.7 g of a white-colored 

solid material (yield: ~86%). 1H NMR spectrum (300 MHz, CDCl3, 25 oC, TMS) of the 

obtained product was shown in Figure 2.3: δ = 10.324 (1H, s), δ = 7.49 (1H, s) δ = 7.334 

(1H, s), δ = 6.74 (1H, d), δ = 6.19 (1H, d), δ = 4.844 (2H, t), δ = 4.297 (2H, t), δ = 3.993 

(3H, s), δ = 1.98 (3H, s). 

(4) Polymerization 

    Polythiophene was prepared from an oxidative polymerization in chloroform using 

FeCl3 as the oxidizing agent. Briefly, in a 50-mL round-bottom flask with a condenser, 

0.655 mg (2.6 mmol) of 3-(2-(N-(N-methylimidazole))ethoxy)-4- methylthiophene was 

dissolved in 22 mL of anhydrous chloroform (redistilled) and the solution was saturated 

with N2 over 30 mins. In another round-bottom flask of 100 mL with a condenser, 1.4 g 

(11.0 mmol) of FeCl3 was suspended in 33 mL of anhydrous chloroform and the solution 
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was purged with N2 for 30 min. The solution of monomer was added dropwise to the 

FeCl3 suspension. The mixture was stirred at room temperature for 2 days under N2 while 

the solution was kept in the dark. Chloroform in the mixture was evaporated afterwards. 

The black-colored product obtained was washed with 10 mL of methanol. The 

supernatant was discarded and washing was repeated twice. The polymer obtained was 

dissolved in 500 mL of methanol in an erlenmeyer and, with a strong stirring, hydrazine 

anhydrous was added dropwise until the polymer was completely dissolved. The mixture 

was filtered on Büchner under reduced pressure. Methanol was then removed on a rotary 

evaporator with acetone in the recuperation flask. 10 mL of acetone was added to the 

polymer for 5 min to remove residual hydrazine. The polymer was washed by Soxhlet 

extraction with 200 mL of acetone to eliminate the unwanted low molecular weight 

materials. The polymer was dissolved and cleaned again on the same filter by another 

Soxhlet extraction with 200 mL of 95% ethanol. The soluble fraction was removed on a 

rotary evaporator and dark red-colored powder of the final product was left behind. The 

obtained conjugated polymer was stored in the dark with a yield of ~50% after 

purification.  

2.2.5 Conjugated polymer based DNA detection in solution 

    10 µL of as prepared conjugated polymers (~7.5 x10-4 M on a repeat unit basis) was 

added to 100 µL of 10 mM PB buffer solution (pH 7.0), followed by the addition of 5 µL 

of 100 µM 15-mer capture DNA (X1), and the resulted red solution was kept at room 

temperature for 10 min. Then the appropriate DNA target was added and the mixture was 

incubated at 37 oC for hybridization.  

2.2.6 Instrumentation 

    All the UV-Vis absorption spectra were measured using a Hewlett-Packard (model 

8453) spectrophotometer in a quartz cuvette with an optical path of 1.0 cm. All the 

fluorescence spectra were recorded on a PerkinElmer (model LS 50B) Luminescence 

Spectrometer. The excitation wavelength was set at 420 nm with excitation slit width at 

15 nm and emission slit width at 20 nm. 
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2.3 Results and Discussion  

2.3.1 Synthesis and characterization of Au/Ag stripped nanorods 

    Au/Ag striped nanorods were synthesized by templated, sequential electrodeposition 

of Au and Ag into a mesoporous aluminum membrane. To generate a library of striped 

nanorods of different patterns for multiplexed assay, the patterns were designed by using 

2 metals (Au and Ag), 6 strips and 1 μm per strip. Au and Ag were chosen due to their 

significant reflectivity difference when illuminated at 430 nm. Simply by controlling the 

sequence of the metal solutions introduced, nanorods with desired strip patterns were 

obtained. Five different patterns of Au/Ag striped nanorods were synthesized with the 

coding number: 000100, 010101, 000111, 011110, and 100001 (where 0 and 1 

represented Au and Ag strips, respectively). The striping patterns can be identified in an 

optical microscope with a filter at 490+/-20 nm due to different reflectivity of Au and Ag. 

Figure 2.4 showed five nanorods of clearly discernable patterns, the brighter strip was Ag 

while the darker one was Au. In the mixture each pattern can be easily distinguished 

(Figure 2.4 F), which enabled them to be used as the encoded substrates in multiplexed 

assays. Note that for the pattern 010101 and 100001 with Ag end-stripes, the Ag 

terminal(s) disappeared (Figure 2.4 B, E). This was caused by the unfortunately 

dissolving of Ag terminal(s) during particle releasing from insufficient Au capping. The 

actual coding numbers for these two patterns became 01010 and 0000, respectively.  

2.3.2 Synthesis and characterization of cationic polythiophene derivatives 

    Water solubility of conjugated polymer is necessary for using conjugated polymers 

in a homogeneous solution for biosensing. Improvement in solubility was achieved by 

decorating polymers with soluble side chains with charged ionic groups, accomplished in 

the step 3 before polymerization. As expected, the synthesized cationic polythiophene 

derivatives were well dissolved in water and other polar solvents. The polymer solution 

also exhibited interesting optical properties, resulting from delocalization of electrons 

along the conjugated polymer backbone. A yellow solution with an absorbance maximum 

at 397 nm was observed from its aqueous solution (Figure 2.5 A), resulting from the 

random-coil conformation of polythiophene and twisted polymer backbone. The polymer 

solution also exhibited intense fluorescence under UV irritation, which had an emission 
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peak at around 505 nm (Figure 2.5 B).  

    Standard polymer characterization tools, such as gel permeation chromatography 

(GPC) and Matrix-assisted laser-desorption ionization Mass Spectrometry (MALDI-MS), 

are not suitable to measure the molecular weight (MW) and size distribution of 

synthesized cationic polymer. However, characterization of an anionic polymer, 

poly(3-alkoxy-4-methyl-thiophene) synthesized with the same polymerization method, 

was reported in literature where an average molecular weight of 6~10 KDa and a 

polydispersity index of 1.2~2.9 was reported.8, 9  This value is adapted in estimation of 

this molecular weight of the synthetic product, which corresponds to an averaged chain 

length of 20~30 repeat monomer units (303 Da per repeat unit). The concentration of the 

polymer is given on per repeat unit in the following discussion. 

2.3.3 Complexing of cationic conjugated polymers with DNA 

    Like other cationic polyelectrolytes, the synthesized polymers can form strong 

complexes with negatively charged DNA. When 1.0 equivalent of capture 

oligonucleotides (X1: 5’-GAG GGA TTA TTG TTA), on a monomer unit basis, was added 

into cationic conjugated polymer solution, the mixture turned from yellow to red 

immediately (Abs. λmax = 483 nm) and fluorescence of the polymer solution strongly 

decreased (Figure 2.6 a, b). This is due to electrostatic interaction between the cationic 

polymers and the negatively charged ssDNA that forms stable ssDNA/polymer duplexes, 

during which the conformation of the polymer backbone undergoes a change from 

random-coil to planarization. The increase of effective conjugated length leads to 

red-shift of the maximum of the absorption peak, hence the change of the solution color. 

It also caused reduction of fluorescence since polymers were more aggregated in 

stoichoimetric duplex, which induced proximity of polymer chains and resulted in 

inter-chain quenching10, 11 and efficient electron transfer to ssDNA.  

    The hybridization specificity of the formed ssDNA/polymer duplexes was studied by 

further mixing the duplexes with DNA molecules of perfectly matched or 

noncomplementary sequences. When 1.0 equivalent of complementary DNA (Y1: 5’TAA 

CAA TAA TCC CTC) was added into the red duplex solution and incubated at 37 oC for 5 

min, the color of the solution changed back to yellow again (Abs. λmax = 423 nm), and the 

solution exhibited intense fluorescence (Figure 2.6 c). Compared to the free polymer 

http://www.google.com/search?hl=en&pwst=1&q=gel+permeation+chromatography&revid=1198640263&sa=X&oi=revisions_inline&resnum=0&ct=broad-revision&cd=2�
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solution, the absorbance wavelength of the hybridization mixture was slightly longer, 

which ruled out the possibility that polymer-ssDNA complexes dissociated after DNA 

hybridization. The spectral shift is reasoned as the formation of dsDNA duplexes 

interrupt coupling between the polymer ssDNA and force the polymer chains wrap 

around dsDNA instead in a more coiled form.  In contrast, when a non-complementary 

sequence (NC: 5’-GGT TGG TGT GGT TGG) was added, no change was observed 

(Figure 2.6 d). Because a set of carefully optimized hybridizations can be used to 

differentiate perfect complementary sequences from those with single-base mismatches, 

the polymer conformational change-induced spectral shift has been successfully 

demonstrated in single point mutation studies. For example, when a single-base mismatch 

DNA (Y2: 5’TAA CAA CAA TCC CTC) was added, the solution changed to a lighter color 

(Figure 2.6 e), but still distinguishable from the solution with the complementary 

sequence due to partial hybridization. The corresponding fluorescence emission only 

increased to half of that with complementary sequence as well. Together these results 

confirm the synthesized conjugated polymers can be use as a DNA hybridization 

transducer in a label free fashion due to the sensitive conformational changes when they 

bound to ssDNA or dsDNA via electrostatic interaction. 

2.3.4 Optimization of conjugated polymer based DNA detection  

(1) Effect of incubation temperature 

    The effect of temperature on the polymer based DNA hybridization was studied by 

adding 1.0 equivalent of the complementary sequence (Y1) onto the pre-formed 

polymer/ssDNA (X1) solution and measuring the UV-Vis spectra of the mixture at 

different incubation temperature along time. Since hybridization induced the forming of 

polymer/dsDNA triplex and a color change of solution from red (λmax = 483 nm) to 

yellow (λmax = 423 nm), the ration of absorbance at 423 to 483 nm can be used to monitor 

hybridization. Figure 2.7 showed absorbance ratio versus incubation time at different 

temperatures. As lower temperature (<30 oC), the absorbance ratio increased in an 

extremely slow fashion over time, indicating a slow hybridization process. However, with 

an increasing temperature (>30 oC), a significant increase of absorbance ration was 

observed. On the other hand, the spectra did not change much at the temperature higher 
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than 50 oC where complete dehybridization achieved. Hence, 30-50 oC is considered as 

the optimal temperature range for 15-mer DNA target hybridizing to polymer-ssDNA 

complexes. In the following discussion, 37 oC was chosen for further assay development. 

(2) Effect of incubation time 

    Hybridization kinetics of DNA targets binding to conjugated polymer-ssDNA 

complexes was also studied to determine the optimal hybridization time. By incubating 

polymer/ssDNA (X1) duplexes with 1.0 equivalent of complementary target DNA (Y1) at 

37 oC, fluorescence spectra were collected as a function of incubation time. As shown in 

Figure 2.8, the fluorescence intensity of the hybridization mixture increased with the 

incubation time and reached the maximum in 60 min, a condition used for later 

hybridization. 

(3) Effect of surfactant (Triton X-100) 

    Many properties of surfactant, such as charges, hydrophobic groups, and critical 

micelle concentration, strongly affect the optical properties of water-soluble conjugated 

polymers as well as DNA hybridization efficiency.12 It has been reported that the 

presence of Triton X-100 could improve the detection sensitivity of conjugated polymer 

based DNA detection by at least 10 folds.5 To identify the optimal surfactant 

concentration, Figure 2.9 showed a plot of the fluorescence intensity before and after 

addition of target Y1 to polymer/X1 duplex solution in PB buffer containing different 

concentrations of Triton X-100. It was clear that fluorescence intensity of both 

polymer/ssDNA duplexes and hybridized polymer/dsDNA triplexes increased when the 

concentration of Triton X-100 increased from 0 to 0.03 mM. However, fluorescence 

enhancement was more pronounced for the polymer/dsDNA triplexes. It is primarily 

because the hydrophobic interaction between the surfactants and the polymer chains help 

to reduce polymer aggregation; meanwhile, the hydrophilic head of the surfactant helped 

to improve the solubility of polymer chains and reduce polymer aggregation. As a result, 

inter-molecular fluorescence self-quenching was reduced and fluorescence intensity 

increased.14 A PB buffer at 10 mM containing 0.1 mM Triton X-100 was chosen in the 

subsequent study.  
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(4) Effect of salt concentration 

    The ionic strength in the buffer solution not only influences stability of complexes 

formed based on electrostatic interaction, but also affects the optical properties of cationic 

conjugated polymers. Figure 2.10 is a plot of the fluorescence intensities before and after 

addition of target Y1 to polymer/X1 duplex solution in 0.1 mM Triton X-100/PB with 

different concentrations of NaCl. Before adding the target DNA, the fluorescence 

intensity of polymer-ssDNA duplexes increased as the concentration of NaCl increased. 

This was because the presence of NaCl can shield the charges of both cationic conjugated 

polymers and anionic ssDNA and therefore weaken the electrostatic interaction between 

the polymer and ssDNA. However, in the polymer/dsDNA triplex solution, the 

fluorescence intensity decreased significantly as the concentration of NaCl increased. I 

speculate that the presence of NaCl, though improves hybridization efficiency, hampers 

the formation of final triplexes by weakening the attraction between cationic polymers 

and negatively charged dsDNA. In this case, neutralized polymers would aggregate, 

resulting in inter-molecular fluorescence self-quenching. Weighing the contradictory 

effects of salt on polymer-dsDNA triplex formation, I decided to use 10 mM PB buffer 

containing 0.1 mM Triton X-100 without NaCl as the optimal reaction media in the 

subsequent study for the better stability of the final triplex products. 

2.3.5 Sensitivity of conjugated polymer based DNA detection in solution   

    After optimizing the reaction condition of conjugated polymer based DNA 

hybridization in solution. Detection sensitivity of the solution-based assay was studied by 

incubating the pre-formed polymer/ssDNA (X1) duplexes with target DNA (Y1) 

solutions of different concentrations at 37oC for 60 min, in 10 mM PB buffer, with or 

without 0.1 mM Triton X-100. The fluorescence intensities of the hybridization solutions 

were recorded and plotted as a function of target DNA concentration (Figure 2.11). The 

linear equations, detection of limits (LOD), and linear ranges were shown in Table 2.2. 

The detection of limit (LOD), calculated from 3σ (standard deviation) above background 

signal, was 0.047 nM in PB buffer containing 0.1 mM Triton X-100. This is approx. 

10-fold improvement than that in PB buffer without Triton X-100, which was only 0.5 
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nM. The observed improvement of sensitivity is in agreement with the result found by 

Leclerc and co-workers.5  

2.4 Conclusions 

    In conclusion, Au/Ag striped nanorods with 5 different stripping patterns and 

cationic conjugated polythiophene derivatives have been successfully synthesized. The 

synthesized conjugated polymers demonstrated intense fluorescence and were able to 

transduce DNA hybridization into a clear optical signal in a label free fashion with high 

specificity. The effects of hybridization temperature, incubation time, surfactant 

concentration, and the salt concentration on the conjugated polymer based DNA 

hybridization were investigated. It was found that incubation in 10 mM PB buffer 

containing 0.1mM Triton X-100 at 37 oC for 1 hr was the optimal reaction condition. 

Using this optimal condition, a detection limit of 0.047 nM with linear range from 

0.15-30 nM was determined for detection of 15-mer DNA.   
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Schemes 
 

Scheme 2.1 Schematic illustration of synthesis of Au/ Ag striped nanorods 

 

 



 59

Scheme 2.2 Schematic illustration of synthesis of cationic conjugated polythiophene 
derivatives 
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Tables 
 

Table 2.1 Summary of DNA sequences used in this Chapter 
 

Name Sequence Description 

X1 5’-GAG GGA TTA TTG TTA Capture probe 

Y1 5’TAA CAA TAA TCC CTC Complementary to X1 

NC 5’-GGT TGG TGT GGT TGG Noncomplementary to X1 

Y2 5’TAA CAA CAA TCC CTC One mismatch to X1 
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Table 2.2 Summary of sensitivity of conjugated polymer based DNA detection in solution 
 

Solution Linear Equation Background LOD (nM) 
Linear Range 

(nM) 

10 mM PB Y=15.2 +2 X 14.4+/-0.6 0.5 0.4-30 

PB with 0.1 mM 

Triton X-100 
Y=39.7+8 X 38.0+/-0.7 0.05 0.15-30 
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Figures  
 

 
 

Figure 2.1 1H NMR spectrum of 3-Methoxy-4-methylthiophene 
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Figure 2.2 1H NMR spectrum of 3-(2-bromoethoxy)-4-methylthiophene 
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Figure 2.3 1H NMR spectrum of 
3-(2-(N-(N-methylimidazole))ethoxy)-4-methylthiophene 
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Figure 2.4 Reflectance images of Au/Ag barcoded nanorods with pattern 000100 (A), 
01010 (B), 0001111 (C), 011110 (D), 00000 (E), and the mixture of five patterns (F). 

(Scale bars = 5μm) 
 



 66

 

300 400 500 600

0.0

0.2

0.4

0.6

0.8

1.0

 

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e,

 fl
uo

 In
te

ns
ity

Wavelength (nm)

A B

 
 

Figure 2.5 Absorption (A) and fluorescence (B) spectrum of synthesized cationic 
polythiophene derivatives  
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Figure 2.6 A photograph and corresponding absorption (A) and emission (B) spectra of 

(a) polymer, (b) the polymer/ ssDNA duplex, (c) the polymer/dsDNA triplex, (d) 
polymer/ssDNA duplex plus a noncomplementary target, and (e) the polymer/ssDNA 

duplex plus a complementary target with a one-based mismatch after mixing at 37oC for 
10 min.  
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Figure 2.7 Effect of temperature on the conjugated polymer based DNA hybridization. 
(A)The ratio of absorbance at 423 to 483nm of the hybridized solution was plotted versus 

incubation time at temperature ranged from 20 to 65 oC.   
(B) Plot of ratio versus temperature for 5 min and 30 min incubation 
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Figure 2.8 Hybridization kinetics of polymer/ssDNA (X1) duplex with complementary 

target DNA (Y1).  (A) Fluorescence spectra of hybridization mixture along the 
incubation time.  (B) Plotting of the fluorescence intensity at 505 nm versus time at 37 

oC 
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Figure 2.9 Effect of concentration of surfactant, Triton X-100, on the fluorescence 

intensity of (a) polymer/ssDNA duplexes, (b) polymer/ssDNA triplexes, (c) b-a. Duplexes 
and triplexes were incubated in 10 mM PB buffer (pH 7.0) containing Triton X-100 at 37 

oC for 1 hr. 
 



 71

0.0 0.1 0.2 0.3 0.4 0.5
0

100

200

300

400

 

 

Fl
uo

re
sc

en
ce

 In
te

ns
ity

Conc. of NaCl (M)

a

b

c

 
Figure 2.10 Effect of concentration of NaCl on the fluorescence intensity of (a) 

polymer/ssDNA duplexes, (b) polymer/dsDNA triplexes, (c) b-a. Duplexes and triplexes 
were incubated in 10 mM PB buffer (pH 7.0) containing 0.1 mM Triton X-100 and NaCl 

at 37 oC for 1 hr. 
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Figure 2.11 Calibration Curves of solution based fluorometric detection of DNA using 
conjugated polymer in 10 mM PB buffer (a), and 10 mM PB buffer containing 0.1mM 

Triton X-100 (b). The hybridization mixtures were incubated at 37 oC for 1 hr. 
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CHAPTER 3 Label-free, Multiplexed DNA Detection on Au/Ag Stripped 

Nanorods Using Fluorescent Conjugated Polymers 

3.1 Introduction 

    After successful synthesis of Au/Ag striped nanorods with different striping patterns 

and of cationic polythiophene derivatives, the next goal is to combine these two concepts 

together to perform conjugated polymer-based, label-free, multiplexed DNA assays on the 

nanorods.    

Biological multiplexing is one of the fastest growing areas in life science research 

because of its potential for extracting the most information from the smallest amount of 

sample volume at low cost.1-3 Traditional multiplexed bioassay platforms, which are 

based on either planar microarrays or suspended encoding particles, often require an extra 

labeling step for the targets or the probes with reporter molecules, which prolongs the 

assay time and increases the assay cost. The need to overcome such hurdles has motivated 

research into the development of a label-free multiplexed assay system, where progress 

has been made in surface plasmon resonance (SPR)-based optical detection, 

nanowire-based electrical or electrochemical measurements, and mass spectrometry 

(MS)-based high-throughput screening.4-7  

Conjugated polymers are novel materials with notable electrical and optical 

properties that have been successfully employed as label-free optical probes in biosensing 

applications.8-10 For example, cationic conjugated polythiophene derivatives have been 

used in rapid and sensitive detection of DNA, where polymers bound to single-stranded 

DNA (ssDNA) undergo a major conformational change in comparison to when they bind 

to double-stranded DNA (dsDNA).11-13 This conformational change transduces DNA 

hybridization into detectable colorimetric or fluorometric signals. 

    This Chapter describes the use of cationic polythiophene derivatives in conjunction 

with Au/Ag striped nanorods for multiplexed DNA detection that enables simultaneous 

monitoring of multiplex biological recognition events in a label-free fashion. 

Superquenching of fluorescent conjugated polymers by metal surface of nanorods was 

observed, where a thin coating of silica layer was used to avoid direct contact of polymers 

and metal surface. The assay performance of conjugated polymer based DNA detection 
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on silica coated nanorods was investigated, and then a triplexed DNA detection was 

demonstrated.  

3.2 Experimental Sections 

3.2.1 Materials 

    Cationic fluorescent conjugated polymers used in this study, poly 

(1H-imidazolium-1-methyl-3-{2-[(4-methyl-3-thienyl)oxy]ethyl}bromide), were prepared 

according to the published procedure.11, 12 Au/Ag striped nanorods patterned with 000100, 

01010 and 011110 (0 represented a 1-μm segment of Au and 1 represents a 1-μm segment 

of Ag) were synthesized following the literatures.14,15 13-nm gold nanoparticles (AuNPs) 

and 20-nm Ag nanoparticles (AgNPs) were prepared following the literatures.16, 17 50-nm 

amine functionalized silica nanoparticles (SiNPs) were prepared following the 

literatures.18, 19 Tetraethoxysilane (TEOS) and 3-aminopropyltri-methoxy silane (APTMS) 

were purchased from Gelest (Morrisville, PA). Ammonium Hydroxide (29.5%) was 

purchased from Fisher (Pittsburg, PA). Sulfo succinimidyl 4-[N-maleimidomethyl] 

cyclohexane-1-carboxylate (sulfo-SMCC) was purchased from Pierce (Rockford, IL). All 

oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). 

The sequences of DNA used in this Chapter were listed in Table 3.1. Upon receipt of 

thiolated DNA, the disulfide was cleaved with 100 mM dithiothreitol (DTT) and purified 

with a micro bio-spin 30 column from Bio-Rad (Hercules, CA).  

3.2.2 Attachment of conjugated polymer/ssDNA duplexes to bare nanorods 

    50 μL of cationic conjugated polymer (~7.5 x 10-4 M on a repeat unit basis) was first 

mixed stiochiometrically on a repeat unit basis with 50 μL of 20 µM capture DNA probe 

(P1) in order to form the duplex before attaching to the nanorods. Then the pre-formed 

polymer/ssDNA duplex solution was added to 50 μL of nanorods (~5 x 107 particles) in 

10 mM PB buffer (pH 7.0), and the mixture was vortexed for 3 hr allowing them to react 

via thiolated DNA self-assembling. After that, the nanorods were rinsed three times with 

PB buffer and re-suspended in 400 μL of PB buffer. For hybridization, 10 μL of 1 μM 

target DNA (T1) was added into 20 μL of polymer/ssDNA duplex bound nanorods. And 

the mixture was vortexed for 1 hr at 37 oC to allow hybridization of target DNA on the 
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nanorods. 

3.2.3 Quenching study of AuNPs and AgNPs to fluorescent conjugated polymers 

    10 µL of conjugated polymers (~7.5 x 10-4 M on a repeat unit basis) was added to 3 

mL of 10 mM PB buffer solution, followed by the addition of 10 µL of AuNP or AgNP 

solutions with different concentrations. The mixture was kept at room temperature for 5 

min, and then the fluorescence spectra were collected.  

3.2.4 Attachment of conjugated polymer/ssDNA duplexes to silica nanoparticles 

    The polymer/ssDNA duplexes were first attached to amine functionalized silica 

nanoparticles using SMCC chemistry to couple thiol group of DNA to amine group on the 

particle surface. 100 μL of 15 mg/mL amine functionalized silica nanoparticles was 

washed with 10 mM CHES buffer (pH 9.0) twice and then re-suspended into 400 μL of 

CHES buffer containing 1 mg of Sulfo-SMCC to incubate for 1 hour. After wash twice 

with CHES buffer and twice with PB buffer, the particle was resuspended in 400 μL of 

PB buffer, and 100 μL of pre-formed polymer/capture DNA (P1) duplex solution were 

added to incubate overnight. After centrifuge, pelleted particles were washed three times 

with 10 mM PB buffer, and finally resuspended in 500 μL of solution. For hybridization 

reaction, 20 μL of as prepared polymer/ssDNA duplex bound silica nanoparticle solution 

was mixed with 10 μL of 1 μM target DNA (T1) at 37 oC for 1 hr. 

3.2.5 Silica coating on the nanorods 

    Silica was deposited onto Au/Ag striped nanorods following the recently published 

procedure via a modified sol-gel process.20 Briefly, 300 μL of nanorods (~3 x 108 

particles), 40 μL of TEOS, 160 μL of H2O, 490 μl of ethanol and 10 μL of 29.5% 

ammonium hydroxide were mixed and subject to the sonication for 1 hr. Subsequently, 

the nanorods were washed three times with ethanol by centrifugation and finally 

suspended in 1 mL of ethanol for future use. This standard procedure usually deposited 

~20-nm uniform silica layer on the nanorods. 
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3.2.6 Attachment of conjugated polymer/ssDNA duplexes onto the silica coated 

nanorods  

    The silica-coated nanorods were modified with amino group by adding 15 μL of 

APTMS into 150 μL of silica-coated nanorods and 235 μL of ethanol. The mixture was 

vortexed for 30 min and then rinsed three times with ethanol and two times with CHES 

Buffer (pH 9.0). A solution of 1 mg of sulfo-SMCC in 400 μL of CHES buffer was added 

into the nanorods and vortexed for another 1 hr. After rinsing the nanorods twice with 

CHES buffer and twice with 10 mM PB buffer (pH 7.0), 100 μL of pre-formed 

polymer/capture DNA (P1) duplex solution was added into the nanorod solution and 

vortexed for 1 hr, followed by three rinses in the PB buffer and re-suspension in 400 μL 

of PB buffer. For hybridization, 10 uL of appropriate DNA target was added to 20 μL of 

duplex bound nanorods and the mixture was vortexed at 37 oC for 1 hr.  

3.2.7 Multiplexed DNA detection on the silica coated nanorods 

    For multiplexed DNA assays, three capture ssDNA/polymer duplexes were attached 

to the silica-coated nanorods of specific pattern, respectively. Then aliquots of three 

capture DNA/polymer duplex bound nanorods (10 µL each) were mixed incubated with 

15 μL of the appropriated mixed target DNA (1 µM each). In all cases, the particle 

mixture was allowed to incubate with target DNA at 37 oC for 1 hr under gentle agitation. 

3.2.8 Instrumentation 

    All the UV-Vis absorption spectra were measured using a Hewlett-Packard (model 

8453) spectrophotometer in a quartz cuvette with an opitcal pathlength of 1.0 cm.  

    All the fluorescence spectra were recorded on a PerkinElmer (model LS 50B) 

Luminescence Spectrometer. The excitation wavelength was set at 420 nm with excitation 

slit width at 15 nm and emission slit width at 20 nm.  

    A JEOL JEM-100 CXII transmission electron microscope (TEM) was used to 

characterize the silica-coated nanorods. Samples were prepared by dropping 10 μL of 

sample onto carbon-coated copper grids and drying overnight. 

    A Zeiss Axivert 35 inverted fluorescence microscope was used for optical imaging. 

The microscope was equipped with a brightfield reflectance filter set (Chroma, D495/40x, 
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Q660DCLP dichroic, and 0.3 ND) for reflectance imaging of nanorods, and a 

fluorescence filter set (Chroma, D405/40x excitation, Q460DCLP dichroic, and 

HQ510/50m emission) for fluorescence imaging of conjugated polymer. Samples were 

prepared by first dropping 10 μL of sample solution onto a glass slide.  The nanorods 

were allowed to settle to the bottom of glass slide for at least 2 min, followed by placing a 

coverslip atop.  The assembly was sealed and flipped over for epi-imaging. All images 

were taken using a 63 X oil immersion lens. Image J analysis software (NIH) was 

employed to quantify fluorescence intensity of conjugated polymer on the nanorods. 

Briefly, 5-10 nanorods were randomly selected from fluorescence image and analyzed 

with Image J to yield the histogram value of each nanorod, which was then averaged to 

generate mean fluorescence intensity was generated after subtracting background value. 

The error bars reported were 95% confidence interval.    

3.3 Results and Discussion 

    Scheme 3.1 illustrated the overall detection strategy of label-free, multiplexed DNA 

detection on nanorods using fluorescent conjugated polymers. Ag/Au-striped nanorods of 

different patterns were used as the array elements, where the particle identity was 

encoded by the difference in the reflectivity of adjacent metal strips. The thiolated DNA 

capture probes were premixed with the cationic conjugated polymers to form weakly 

fluorescent ssDNA/polymer duplexes through electrostatic interactions. The 

ssDNA/polymer duplexes were then bound to nanorods, where the particles of the same 

pattern carried the same DNA capture probes. Assorted nanorods carrying different DNA 

capture probes were mixed before incubation with a mixture of target DNA sequences. 

Hybridization between the DNA capture probes and the target DNA led to formation of 

polymer/dsDNA triplexes, for which a strong fluorescence emission at 505 nm was 

observed. Both reflectance and fluorescence images of the nanorod mixture were 

collected, from which the identity of the target DNA was determined by the pattern of the 

nanorods (i.e., the corresponding capture probe) with strong fluorescence emission and 

the amount of the target DNA captured was quantified on the basis of the fluorescence 

intensity. 
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3.3.1 DNA detection directly on the bare nanorods 

    One pattern of nanorods (000100) was selected in the initial concept-proof of 

experiments. Thiolated DNA capture probe (P1)/polymer duplexes were directly 

immobilized onto the nanorods via thiol-Au interaction. Target DNA of the 

complementary sequence (T1) was then added to ssDNA/polymer duplexes-bound 

nanorods for hybridization. In the control, no target DNA was added to the incubation 

solution. Both the reflectance and fluorescence images of nanorods were taken. As shown 

in Figure 3.1, the nanorods were well dispsered and the stripping pattern was easily 

identifiable in the reflectance images (Figure 3.1 A, C). In the control only residual (near 

background) fluorescence was observed from the ssDNA/polymer duplexes on nanorods, 

as expected (Figure 3.1 B). However, when the complementary DNA was added for 

hybridization, in contrast to expectation, the fluorescence observed was only slightly 

stronger than that from the control (Figure 3.1 D). The relatively weak fluorescent 

intensity observed from nanorods after hybridization could be attributed to many factors, 

including (1) few capture ssDNA probes (i.e. ssDNA/polymer complexes) were adsorbed 

on the particle in the first place due to steric hindrance; (2) polymers dissociated from 

dsDNA back to solution during hybridization and were removed from the system 

subsequently; (3) hybridization was unsuccessful and few polymer/dsDNA triplexes were 

formed; (4) overall fluorescence intensity was below detection sensitivity of the 

instrument; and (5) fluorescence quenching by Au and Ag stripes of the nanorod. The first 

three factors can be ruled out by comparing the absorbance spectra of solutions before 

and after incubation based on the subtle differences in their spectral profiles. The results 

confirmed that enough polymer/dsDNA triplexes were formed and were stable on the 

nanorods. Theoretical calculation of the amount of polymer-dsDNA triplexes on the 

surface vs. the sensitivity level of the microscope excluded the concern 4. Therefore, 

fluorescence quenching by the Au/Ag surface of nanorods is most likely, due to the fact 

that metal surfaces, such as Au or Ag, are well known to effectively quench radiative 

emission of many fluorophores (via energy transfer or electron transfer).21-23   

3.3.2 Fluorescence quenching of conjugated polymers by Au or Ag surface  

    To exam how the Au/Ag surface of nanorods affects fluorescence behavior of the 
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conjugated polymer and its complexes, 13-nm gold nanoparticles (AuNPs) and 20-nm 

silver nanoparticles (AgNPs) were used as the model system in the following studies. 

Figure 3.2 showed spectral overlap between the emission of polymers and the absorbance 

of AuNPs and AgNPs. Note the absorbance of AuNPs overlaps significantly with 

emission of polymer, allowing for effective energy transfer; AgNPs and polymers do not 

overlap as much. 

    Because of adsorption of citrate ions during nanoparticles preparation, AuNPs are 

typically negatively charged, electrostatically repulsing each other and staying suspended 

in solution. Electrostatic interaction between the cationic conjugated polymers and 

AuNPs is sufficient to bind polymer onto the surface of AuNPs. The quenching effect of 

AuNPs to conjugated polymers was studied by mixing a known amount of polymers with 

different concentrations of AuNPs. As shown in Figure 3.3(A), the fluorescent intensity of 

the polymer decreased with an increasing AuNPs’ concentration at picomolar, confirming 

positive quenching of AuNPs to the fluorescence polymer. A rough calculation showed 

one particle can quench the emission from up to 4000 repeated units, which is 

corresponding to about 100 polymer chains per particles; making AuNP a highly efficient 

fluorescence quencher.  

    Generally, in the solution, there are two basic fluorescence quenching mechanisms: 

dynamic quenching through diffusion-induced collision between the fluorescence emitter 

and a quencher, and static quenching due to the formation of ground state complex 

between the emitter and quencher.24, 25 A purely static (bound to the polymer) or dynamic 

quenching (diffusion limited) would follow a linear “Stern-Volmer” relationship: 

F0/F =1+K [Q] 

where F0 and F are fluorescence intensities in the absence and presence of the quencher, 

respectively; [Q] is the concentration of quencher. The slop of the plot gives a quenching 

constant (K). 

    Therefore, quenching efficiency of AuNPs to conjugated polymers was further 

analyzed by plotting of F0/F versus concentration of AuNPs, as shown in Figure 3.3(B). 

The plot was linear in the concentration range of 0 to 80 pM, indicating a purely static or 

dynamic quenching in this concentration range. The quenching constant, K, is calculated 

to be about 9.5 x 109 M-1. This value is two orders of magnitude larger than the previously 
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reported conjugated polymer-molecular quencher pair (K~107)26, and 8-9 orders of 

magnitude more efficient than traditional small molecule dye-quencher pairs27. The 

deviation of the curve from linearity was observed at the higher concentration, indicating 

a combination of static and dynamic quenching. 

    Based on the reported quenching study of AuNPs to other conjugated polymer 

(polyfluorene)28, such a superquenching effect was believed to be derived from two 

factors: (1) rapid and proficient electron transfer within the backbone of conjugated 

polymer, resulting in amplification of the quenching efficiency; and (2) the high efficient 

Föster energy transfer due to overlap of emission of the polymer and the absorbance of 

AuNPs (Figure 3.2).  

 Similar super-quenching effect was observed for conjugated polymers in the 

presence of 20-nm AgNPs. As shown in Figure 3.4, by plotting F0/F vesus concentration 

of AgNPs, a linear relation was obtained in the concentration range of 0 to 20 pM, with a 

larger quenching constant K = 6.4 x 1010 M-1. This larger K value might be due to the 

larger size of AgNPs, which could absorb more polymers. The deviation of the curve 

from linear at higher concentration was also observed, suspected of the combination of 

dynamic and static quenching. Compared to the AuNP-polymer pairs, energy transfer 

between the polymer and AgNPs is not as significant due to insufficient spectra overlap 

(Figure 3.2), suggesting other factors, such as that electron transfer, were dominant in the 

quenching.  

    The quenching study results showed that both AuNPs and AgNPs could effectively 

reduce fluorescence of conjugated polymers when they were in close proximity. This 

explains the previous observation where no fluorescence was observed when the 

dsDNA/polymer triplexes were formed on Au/Ag nanorods.  

3.3.3 Reducing fluorescence quenching by silica coating  

    It has been known that fluorescence quenching by metal surface is a distance 

dependent phenomenon,29, 30 though the interaction between conjugated polymers and the 

metal surface is unknown. Therefore, it is possible to reduce fluorescence quenching by 

placing a physical spacer between the polymer and the metal surface to avoid direct 

interaction of them. Due to its optical transparency in the detection window, silica coating 

offers a straightforward solution to the problem by placing adsorbed polymers away from 
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the metal surface. Additional benefits of using a silica coating on the nanorods include: 

reduced nonspecific binding of conjugated polymers therefore a lower background in 

detection, a stable and universal interface for the attachment of biomelcules, and better 

chemical inertness and mechanical strength than Au and Ag stripes; thus extending the 

shelf-life of resulting particles. Before coating silica on nanorods, silica nanoparticles 

(SiNPs) were used first to optimize the attachment surface chemistry.  

    50 nm SiNPs were prepared and the surface was functionalized with amino groups. 

Then the thiolated capture DNA (P1)/polymer duplexes were attached to the 

amino-modified SiNPs via SMCC crosslinking. The complementary DNA sequence (T1) 

was then added to the ssDNA/polymer-bound SiNPs during hybridization to form 

polymer-dsDNA complexes. After extensive washes to remove any unbound materials, 

the particle suspension was excited at 423 nm where significantly stronger fluorescent 

emission was observed in the presence of target DNA over the control where no target 

DNA was added (Figure 3.5). The relative fluorescence ratio was comparable to that of 

homogeneous solution assays, suggesting SiO2 coating alone does not interfere with the 

fluorescent emission of conjugated polymers; thus a silica layer of sufficient thickness on 

nanorods could offer a feasible solution to reduce quenching of conjugated polymers by 

Au/Ag surface. 

    A silica layer was then coated onto the nanorods via a modified sol-gel process. 

Figure 3.6(A) showed the TEM image of a silica coated nanorod. A uniform silica layer 

was well coated on the nanorod and the coating thickness was ~20 nm. Few free SiO2 

particles, the main reaction by-product, were formed in solution. It is important to note 

that the underlying Au/Ag striping patterns of the silica-coated nanorods were still 

identifiable, as shown in Figure 3.6(B). 

    The same DNA immobilization strategy was used for silica-coated nanorods: the 

silica-coated nanorods were firstly functionalized with amino groups using APTMS. A 

DNA capture probe (P1) was complexed with conjugated polymer in stoichiometric 

quantity and the formed ssDNA/polymer duplex was covalently bound to the 

amino-functionalized silica-coated nanorods via SMCC chemistry. For hybridization, 

DNA molecules with the sequence complementary or non-complementary to the capture 

DNA probe were added to the ssDNA/polymer-bound silica-coated nanorods. The assay 
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result was examined by taking both the reflectance and fluorescence images of the 

nanorods from the hybridization mixture. As shown in Figure 3.7, in the presence of the 

complementary target (T1: 3’-ATTGTTATTAGGGAG), a strong green fluorescence signal 

on the nanorod surface was observed due to the formation of dsDNA/polymer triplexes 

during hybridization. However, weak fluorescence was barely discernable from the 

background for the nanorods of the same pattern incubated with the non-complementary 

DNA sequence (NC: 3’-GGTTGG TGTGGTTGG). The weak fluorescence was the 

residual emission of conjugated polymers in the ssDNA/polymer duplex form. The results 

showed that 20-nm silica coating was sufficient to reduce fluorescence quenching of 

conjugated polymers by Au/Ag surface, and the conjugated polythiophene derivative was 

successfully used to detect DNA hybridization on the nanorods in a label-free fashion. 

3.3.4 Assay performance of conjugated polymer based DNA detection on silica coated 

nanorods  

    Assay specificity of conjugated polymer based DNA detection on silica coated 

nanorods was first examined by mixing ssDNA/polymer duplex-bound silica-coated 

nanorods with different DNA sequences of various mutations at different sites on capture 

probe. As shown in Figure 3.8, DNA target (T1: 3’-ATTGTTATTAGGGAG) of the 

perfectly matched sequence produced the strongest fluorescence signal over background. 

The obtained intensity was 10-fold stronger than what was observed from the sequence of 

two mismatch sites (M2: 3’-ATTGTTAGTAGGAAG) and the non-complementary 

sequence (NC: 3’-GGTTGGTGTGGTTGG), which only produced near-background 

signals. For a single mismatch sequence, discrimination is depended on the position of the 

mismatch in the capture DNA probe. It was found that the fluorescence signal produced 

by the complementary sequence was more than 4-fold stronger than the one with a single 

mismatch at the center (M1-C: 3’-ATTGTTAGTAGGGAG), and 3-fold stronger than the 

one with a single mismatch at one end (M1-E: 3’-ATTGTT ATTAGGAAG), the most 

difficult mutation to differentiate during hybridization. 

    Conjugated polymer-based label-free DNA assay on silica coated nanorods also 

exhibited detection sensitivity comparable to conventional multiplexed DNA assays.31, 32 

As shown in Figure 3.9, by logarithimathically plotting the fluorescence intensity versus 

the concentration of target DNA, it was found that fluorescence intensity at 0.01 nM of 
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target DNA was still well above that of the control background (i.e. without target). There 

is a linear relationship between the fluorescence intensity and the concentration of target 

DNA from 1 pM to 10 nM. The limit-of-detection (LOD) was calculated, based on 3 δ 

(standard deviation) of background, to be 2.3 pM. For a typical assay volume of 10 μL, 

LOD at 2.3 pM translates to detection of 23 attomole, i.e. 107 molecules of DNA targets 

of interest. There are about 105 particles used in each assay. Therefore, the detection 

sensitivity of my method can be achieved to as low as 100 DNA molecules per particle. 

Comparing to the reported detection limit of 2.5 x 10-13 mole on the glass-slide-based 

microarray using the same label-free detection strategy,13 this method is 4 orders of 

magnitude more sensitive. While the method is yet to compete with FRET-assisted DNA 

detection where few copies of DNA can be detected directly, further improvements will 

be made. The fluorescent signal reached saturation at 10 nM, exhibiting 4 orders of 

magnitude in the dynamic range. Note that this dynamic range is tunable to suit different 

applications by adjusting the number of nanorods incubated with the target DNA 

molecules, one of the main benefits of using solution arrays in multiplexed assays. Note 

that such method based on nanorods is much more sensitive than the solution based 

detection in previous discussion (Chapter 2) due to DNA targets are concentrated on the 

nanorod surface via hybridization. 

3.3.5 Multiplexed DNA detection  

    The multiplexing assay concept was demonstrated using silica-coated nanorods of 

different patterns. Three different DNA capture probes, P1 (5’TAA CAA TAA TCC CTC 

A20), P2 (5’CAC ATC GTA TCC TAG T20), and P3 (5’GGC AGC TCG TGG TGA A20), 

were mixed with cationic conjugated polymers in stoichiometric quantity separately. 

Three separate vials of ssDNA-polymer duplexes were then incubated with the 

silica-coated nanorods of 000100, 01010 or 011110, respectively, for immobilization of 

capture DNA probes. Before mixing the different patterns of nanorods together, a separate 

test was performed on two patterns 01010 and 011110 to examine coating uniformity. As 

shown in Figure 3.10(A), for the pattern 01010, the striping pattern was easily identified 

in the reflectance image, and strong fluorescence was only observed from silica-coated 

nanorods in the presence of complementary target DNA (T2, 5’-CTA GGA TAC GAT 

GTG). Only near-background fluorescence was obtained without adding the 
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complementary target. Similar result was observed from the pattern 011110, in which 

strong fluorescence obtained after hybridization with target DNA (T3, 5’-TCA CCA CGA 

GCT GCC) over the background of control (without target) (Figure 3.10 B). 

    For the multiplexed DNA assay, three types of ssDNA-polymer-bound nanorods 

were mixed together and aliquoted into smaller volumes before being incubated with 

target DNAs in different mixtures. Figure 3.11 shows the reflectance and fluorescent 

images from four DNA hybridization assays with none, one, two and all three targets 

adding. Nanorods of three striping patterns were clearly distinguishable in the mixture in 

the reflectance images (upper panels). Positive detection of target DNAs were determined 

based on the fluorescence readouts (lower panels). In all cases, significant fluorescence 

intensity was only observed from the nanorod(s) with the capture probe(s) 

complementary to the added target(s). Non-specific adsorption showed only negligible 

background. For example, when the nanorod mixture was incubated with a solution 

containing target DNA T2 (5’-CTA GGA TAC GAT GTG), only P2-coated particles 

(01010) displayed strong fluorescence, whereas the other two nanorod patterns (000100 

and 011110) showed little fluorescence (Figure 3.11 B, F). Similarly, when the particle 

mixture was incubated with a solution containing targets DNA T2 and T3 (5’-TCA CCA 

CGA GCT GCC), both P2- and P3-coated particles (01010 and 011110) displayed strong 

fluorescence, whereas the P1-coated nanorods (000100) remained silent (Figure 3.11 C, 

G). All three types of nanorods showed strong fluorescence signals when all three target 

DNAs (T1, T2, T3) were present (Figure 3.11 D, H), whereas no fluorescent signal was 

measurable when all three targets were absent (Figure 3.11 A, E). 

    Figure 3.12 showed quantitative results for the triplexed DNA assay on the 

silica-coated nanorods by measuring the corresponding fluorescent intensity from 

nanorods of each pattern. The mean intensity of nanorods with the correct capture probe(s) 

corresponding to added target(s) was 5-6 folds stronger than that of background.  

3.4 Conclusions 

    In conclusion, a label-free, multiplexed DNA assay was successfully demonstrated 

by using fluorescent conjugated polythiophene derivatives as a DNA hybridization 

transducer and metallic striped nanorods as the encoding substrates. The metal Au/Ag 

stripes on the nanorod surface showed strong quenching effect to fluorescence of 
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conjugated polymers. A large quenching constant (K: ~1010 M-1) was estimated due to 

effective quenching crosssection of metallic nanoparticles. The obstacle was solved by 

coating a 20-nm silica layer on the nanorods to eliminate direct contact between polymers 

and the metal surface. Fluorescence quenching of polymer by the Au/Ag surface was 

efficiently reduced. The polymer-based multiplexed assay showed comparable detection 

specificity and sensitivity of DNA in solution to microarray-based assays. Detection 

sensitivity at the attomole-level was successfully demonstrated and single-point mutation 

in the target DNA sequence was distinguishable with more than 3-fold difference in 

fluorescent intensities. The same multiplexed label-free assay concept can be expanded to 

monitor other molecular interaction where DNA binding is involved. 
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Schemes 
 

Scheme 3.1 Conceptual illustration of label-free, multiplexed DNA detection on Au/Ag 
striped nanorods using fluorescent conjugated polymers  

 

 

 
 



 89

Tables 
 

Table 3.1 Summary of DNA sequences used in this Chapter 

Name  Sequence  Description 

P1 5’TAA CAA TAA TCC CTC A20-SH Probe 1, immobilized to pattern 000100 

P2 5’CAC ATC GTA TCC TAG T20-SH Probe 2, immobilized to pattern 01010 

P3 5’GGC AGC TCG TGG TGA A20-SH Probe 3, immobilized to pattern 011110 

T1 3’ATT GTT ATT AGG GAG Target 1, fully complementary to P1 

M1-E 3’ATT GTT ATT AGG AAG Single mismatch at one end to P1 

M1-C 3’ATT GTT AGT AGG GAG Single mismatch at center to P1 

M2 3’ATT GTT AGT AGG AAG Two mismatches to P1 

NC 3’GGT TGG TGT GGT TGG Non complementary to P1 

T2 5’CTA GGA TAC GAT GTG Target 2, fully complementary to P2 

T3 5’TCA CCA CGA GCT GCC Target 3, fully complementary to P3 
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Figures 
 

 
Figure 3.1 Reflectance and fluorescence image of ssDNA/polymer duplex directly bound 

nanorods at the absence of target DNA (A, B) and the presence of target DNA (C, D). 
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Figure 3.2 Spectra overlap between the emission of polymer (a) and the absorbance of 

AuNPs (b) or AgNPs (c) 
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Figure 3.3 (A) Fluorescence spectra of polymer (0.6 μM in monomer repeat units) in the 
presence of different concentration of 13 nm AuNPs.  (B) A plot of polymer quenching 

by AuNPs. (Inset) Linear range in the low quencher concentration regime  
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Figure 3.4 A plot of polymer quenching by AgNPs. (Inset) Linear range in the low 

quencher concentration regime 
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Figure 3.5 Fluorescence spectra of ssDNA/polymer bound SiNPs in the presence (a) 

and in the absence (b) of complementary sequence 
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.   

Figure 3.6 TEM (A) and reflectance images (B) of 20-nm silica-coated nanorods 
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Figure 3.7 Corresponding reflectance (A, C) and fluorescence (B, D) images of 

ssDNA/polymer-bound silica-coated nanorods after hybridization with complementary 
target DNA (A, B) and non-complementary DNA (C, D). 
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Figure 3.8 Assay specificity of label-free DNA detection on silica-coated nanorods using 

conjugated polymer.  (A) Corresponding reflectance and fluorescence images of 
ssDNA/polymer-bound silica coated nanorods after hybridization with DNA sequences 

with perfect complementary (T1) noncomplementary (NC), two mismatched (M2), single 
mismatched at the center (M1-C), single mismatch at one end (M1-E)  (B) Measured 

average fluorescence intensity of nanorods after incubated with DNA sequences of 
different mutation sites. 
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Figure 3.9 A plot of fluorescent signal intensity as a function of concentration of 
target DNA, detected using conjugated polymers on silica coated nanorods. 
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Figure 3.10 Corresponding reflectance and fluorescence image of pattern 01010 (A) 
and pattern 011110 (B) in the absence (a, b) and presence (c, d) of target DNA 
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Figure 3.11 DNA detection in a multiplexed format on metallic striped nanorods 
using conjugated polymers.  Both reflectance (A-D) and fluorescent (E-H) images were 
collected.  From left to right, the mixture of three types of DNA-coated nanorods were 

included with no target (A, E), target DNA T2 (B, F), target DNA T2 and T3 (C, G), and 
all target DNAs (D, H) 
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Figure 3.12 Quantification of DNA assay at the presence of difference targets of 

multiplexed DNA detection using silica coated nanorods bound with different DNA 
capture probes. DNA targets in the mixture were labeled in x-axis, and the corresponding 

fluorescent readouts were recorded in y-axis. The color columns corresponded to the 
sequences of the capture probes on the different particles, where P1 on particles with 

pattern of 000100, P2 on the ones with pattern of 01010, and P3 on the ones with pattern 
of 01110. 
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CHAPTER 4 Distance-Dependent Fluorescence Quenching of 

Conjugated Polymers on Au/Ag Striped Nanorods 

4.1 Introduction  

    In the previous Chapters, I have reported the use of cationic polythiophene 

derivatives in conjunction with metallic striped nanorods to detect multiple target DNA 

sequences simultaneously.1 However, during the assay development it was found that 

fluorescence of conjugated polymers was strongly quenched by the metal surface when 

the polymer-DNA complexes were immobilized directly on the metal surface. It was not 

unexpected, giving the presence of ample reports in literatures on fluorescent quenching 

by a metal surface. A common way to circumvent the fluorescence quenching is to 

introduce a thin layer of an inorganic coating (SiO2) between the metal surface and 

polymer-DNA complexes, which was employed in the previous study to restore 

fluorescent signals.1 While it is successful in the concept-proof experiment, the 

distance-dependent fluorescence behavior of conjugated polymers on or near the metallic 

striped nanorods is unknown and the optimal thickness of the spacer is yet to be 

determined to ensure reproduceible assay readouts and enable quantitative measurements 

of target analytes.   

    Florescence quenching of conventional organic dye molecules by metal surfaces, 

such as gold or silver, has been extensively studied in the literature.2-20 While different 

theories are still under intense debate, non-radiative energy transfer seems to be the 

dominating model in which electron-rich metallic surface (acceptor) is suggested to serve 

as an energy sink to excited dye molecules (donor). A fourth power equation has been 

used to model the distance dependent fluorescence quenching between a dipole (small 

dye molecule) and a metal surface.21 The fitting equation clearly shows for a given dye 

molecule, the quenching efficiency of the metal surface underneath is critically dictated 

by the overlap of energy gap, the size and shape of metal surface, the orientation of the 

molecule dipole with respect to the dye-metal axis, and the last but not the least, the 

distance between the dye molecule and the surface.  

    Similar non-radiative energy dissipation pathway is suspected for metal 

surface-quenching of conjugated polymers. More importantly, comparing to small dye 
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molecules, conjugated polymers exhibit a so-called “super-quenching” effect due to their 

delocalized electronic structure, which facilitates effective energy/electron transfer along 

the backbone over long distance and offers self-amplification in the fluorescence 

quenching upon binding of a quencher.22-25 As Bazan et al. reported the quenching of 

gold nanoparticles to the fluorescence of conjugated polyfluoerene was several orders of 

magnitude more effective than that of small molecule dye-gold nanoparticle quencher 

pairs.25 Therefore, many questions remain: will the quenching efficiency of polymers 

follow the same trend as the small dye molecules, regardless their 100+× larger size? Will 

the stretched linear conformation of polymers have an impact on the quenching efficiency? 

Will the so-called “super-quenching” effect due to their delocalized electron structure 

affect the decay profile? etc.   

    In this Chapter, I systematically investigated distance-dependent fluorescence 

quenching of conjugated polymers on Au/Ag striped nanorods by introducing an optically 

transparent silica spacing layer to fine tune the distance between polymers and the metal 

surface. Silica coating was deposited via a sol-gel process and its thickness was controlled 

from 0 to ~80 nm by varying sol-gel deposition conditions. For the comparison purposes, 

distance-dependent quenching of small dye molecules on metal nanorods and polymers 

on metal substrates of different shapes was monitored to examine subtle differences in 

their distance dependent decay profiles.  

4.2 Experimental Sections 

4.2.1 Materials  

    Fluorescent conjugated polymer used in this study, poly(1H-miidazolium, 

1-methyl-3-[2-[(4-methyl-3-thienyl)oxy]ethyl]-,bromide), was prepared according to the 

published procedured.26, 27 Au/Ag striped nanorods patterned 000100 (0 represented a 1 

μm segment of Au and 1 represents a 1 μm of Ag) were synthesized following the 

literature.28, 29 13-nm gold nanoparticles (AuNPs) were prepared following the 

literature.30 Au substrates (50-Å chromium followed by 1000-Å gold on a flat glass) were 

purchased from Evaporated Metal Films (Ithaca, NY). Tetraethoxysilane (TEOS) and 

3-aminopropyltrimethoxy silane (APTMS) were purchased from Gelest (Morrisville, PA). 

Ammonium hydroxide (29.5%) was purchased from Fisher (Pittsburg, PA). DyLight 488 
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NHS ester, and sulfo succinimidyl 4-[N- maleimidomethyl] cyclohexane-1-carboxylate 

(sulfo-SMCC) were purchased from Pierce (Rockford, IL). Poly (vinylpyrrololidone) 

with average molar masses of 10 kg/mol (PVP-10), and (3-mercaptopropyl) 

trimethoxysilane (3-MPTMS) were purchased from Sigma-Aldrich (St. Louis, MO). 

DNA capture probe (5’-TAA CAA TAA TCC CTC A20-C3-S-S-C3-OH), target DNA 

(5’-GAG GGA TTA TTG TTA), and dual functional ssDNA A (5’-NH2-C6-TAA CAA TAA 

TCC CTC A20-C3-S-S-C3-OH) were purchased from Integrated DNA Technologies 

(Coralville, IA). Upon receipt of thiolated DNA, the disulfide was cleaved with 100 mM 

dithiothreitol (DTT) and purified with a micro bio-spin 30 column from Bio-Rad 

(Hercules, CA). 

4.2.2 Silica coating on various metal surfaces  

    Silica was deposited onto Au/Ag striped nanorods following the recently published 

procedure via a modified sol-gel process.31 Briefly, 300 μL of nanorods (~3 x 108 

particles), 40 μL of TEOS, 160 μL of H2O, 490 μL of ethanol and 10 μL of 29.5% 

ammonium hydroxide were mixed and subject to sonication for 1 hr. The nanorods were 

then washed three times with ethanol by centrifugation before being suspended in 1 mL 

of ethanol for later usage. This standard procedure was known to deposit a uniform silica 

layer of ~20-nm on the nanorod surface. Thinner silica coating can be achieved by 

reducing reaction time, whereas thicker silica layers were achieved by multiple coating 

reactions to avoid formation of silica particles without nanorods inside.  

    13-nm AuNPs were coated with silica of different thickness following the published 

procedure.32 Briefly, 45 mg of PVP-10 was dissolved in 2 mL of H2O by ultra-sonication 

of the solution for 15 min. The PVP solution was then added into 10 mL of 10 nM AuNP 

solution and stirred at 600 rpm for 24 hr at room temperature. After the mixture was 

centrifuged at 13,000 rpm for 30 min, the clear supernatant was discarded and the 

precipitate was re-dispersed in 0.6 mL of H2O. The aqueous dispersion of PVP-coated 

AuNPs was then added to 3 mL of ethanol dropwise under vigorous stirring, followed by 

adding 150 μL of 29.5% ammonium hydroxide.  TEOS (10 vol % in ethanol) was 

immediately added where the total amount of TEOS added was decided by the desired 

thickness of the silica shell. The reaction mixture was stirred for another 12 hr. The 

reaction was stopped by centrifugation to separate particles from the reaction mixture. 
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The particles were then washed with ethanol and dispersed in 3 mL of ethanol.  

 Silica films were deposited on the Au substrates using a combination of 

self-assembly and sol-gel techniques according to the published procedure.33, 34 Typically, 

Au substrates (~1 x 1cm) were first cleaned in a piranha solution (70 % H2SO4/30% H2O2) 

prior to use (Caution: piranha solution is hazardous and corrosive. Handle with care!). 

The substrates were then immediately immersed in 10 mL of 20 mM 3-MPTMS for 3 hr, 

followed by rinses in ethanol and then water. Subsequent hydrolysis and condensation of 

3-MPTMS on the surface was induced by immersing the substrates into 10 mL of 0.1 M 

HCl for 12 hr, following by rinses with water. A TEOS sol-gel solution was prepared by 

mixing 163 μL of H2O, 80 μL of ethanol, 81 μL of 0.1 M HCl, and 3-60 μL of TEOS, 

followed by shaking for 30 min to facilitate TEOS hydrolysis prior to deposition. The 

pre-hydrolyzed TEOS solution (~60 μL/cm2) were added to 3-MPTMS modified gold 

substrates and allowed to spin at ~3400 rpm for 1 min using a spin coater (Laurell Corp, 

North Wales, PA). The silica-coated substrates were then stored in a desiccators at room 

temperature for another 2 days to complete condensation and to remove any residual 

solvent. 

4.2.3 DNA immobilization and hybridization 

    50 μL of cationic conjugated polymer (~700 μM) was first mixed stiochiometrically 

on a repeat unit basis with 50 μL of capture DNA probe (20 μM) in order to form the 

polymer/ssDNA duplexes before surface attachment. Silica-coated nanorods were first 

modified with primary amino groups by adding 15 μL of APTMS into 150 μL of 

silica-coated nanorods and 235 μL of ethanol. The mixture was vortexed for 30 min and 

then rinsed three times with ethanol, followed by two rinses with 10 mM CHES buffer 

(pH 9.0). A solution of 1 mg sulfo-SMCC in 400 μL of CHES buffer was added into the 

mixture and vortexed for another 1 hr. After rinsing the nanorods twice with CHES buffer 

and twice with 10 mM PB buffer (pH 7.0), the pre-formed polymer/DNA duplexes were 

added into the mixture and vortexed for another 2 hr, followed by three rinses in the PB 

buffer and re-suspension in 400 μL of PB buffer. For uncoated nanorods, conjugated 

polymer/DNA duplexes were directly attached to nanorods through thiol-Au interaction: 

100 μL of pre-formed polymer/capture DNA duplexes was mixed with 50 μL of nanorods 

in 0.3 M NaCl/PB buffer for 3 h under vortexing. After the reaction completed, nanorods 
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were rinsed three times with PB buffer and re-suspended in 400 μL of PB buffer.  

    Attachment of polymer/DNA complexes on GNPs was similar to the procedure 

described above. For silica-coated flat Au substrates, the surfaces were firstly modified 

with amino group by immersing the substrates in 10% (vol) APTMS/ethanol for 30 min. 

After the substrates were rinsed with ethanol, CHES buffer and dried under N2, 0.25 mg 

of sulfo-SMCC in 100 μL of CHES buffer was deposited and left for 2 hr, followed by 

rinsing with CHES buffer then PB buffer. Immediately following SMCC activation, 100 

μL of pre-formed polymer/capture DNA duplexes (Conc. of DNA ~2 μM) was spotted 

onto the substrates. After 3 hr incubation, the substrates were rinsed with PB buffer.  

    DNA hybridization on particles was carried out by adding 10 μL of 1 μM target 

DNA to 20 μL bare or silica-coated particles coated with conjugated polymer-capture 

DNA duplexes. The mixture was vortexed for 1 hr at 40 oC to allow hybridization of 

target DNA to reach completion. For flat Au surfaces, DNA hybridization was carried out 

by spotting 100 μL of 1 μM target DNA onto the polymer-bound substrates and allowed 

to incubate at 40 oC for 1 hr, followed by rinsing with PB buffer. 

4.2.4 Small dye molecule attachment  

    DyLight 488 was firstly tagged to DNA A by mixing 2 μL of 10 mg/mL DyLight 

488 NHS ester, 10 μL of 200 μM DNA A, 33 μL of H2O, and 5 μL of 10X sodium 

carbonate buffer (1.0 M, pH 9.0) together for 1 hr. After purification using a micro 

bio-spin column, Dye-tagged DNA A was attached to silica-coated nanorods using 

thiolated DNA via SMCC coupling, as described in the previous paragraph.  For bare 

Dye attachment on particles without DNA, 50 μL of 0.1 mg/mL DyLight 488 NHS ester 

was directly mixed with 50 μL of APTMS-functionalized silica-coated nanorods in a 

sodium carbonate buffer for 1 hr. All solutions were eventually rinsed three times in PB 

buffer and re-suspended in 50 μL of PB buffer.  

4.2.5 Instrumentation 

    A JEOL JEM-100 CXII transmission electron microscope (TEM) was used to 

characterize the silica-coated nanorods and silica-coated gold nanoparticles.  Samples 

were prepared by dropping 10 μL of particle solutions onto carbon-coated copper grids, 

followed by drying overnight. 
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    A Zeiss Axivert 35 inverted fluorescence microscope was used for optical imaging. 

The microscope was equipped with a bright-field reflectance filter set (Chroma, 

D495/40x, Q660DCLP dichroic, and 0.3 ND) for reflectance imaging of nanorods, a 

fluorescence filter set (Chroma, D405/40x excitation, Q460DCLP dichroic, and 

HQ510/50m emission) for fluorescence imaging of conjugated polymer, and another 

fluorescence filter set (Chroma, HQ470/40x excitation, Q495LP dichroic, and 

HQ525/50m emission) for fluorescence imaging of DyLight 488. Samples were prepared 

by first dropping 10 μL of particle solution onto a glass slide. The nanorods were allowed 

to settle to the bottom of glass slides for at least 2 min, followed by placing a coverslip 

atop. All images were taken using a 63 X oil immersion lens. Image J analysis software 

(NIH) was employed to quantify fluorescence intensity of conjugated polymers on each 

particle. Briefly, 5-10 nanorods were randomly selected from the fluorescence image and 

analyzed with Image J to provide intensity values of each pixel imaged, which were then 

averaged to generate the mean fluorescence intensity, followed by subtracting the 

background value.  The error bars reported here were at 95% confidence interval.  

Same method was used to estimate fluorescent signal intensity of the flat Au substrates 

where the mean value was averaged from several randomly selected regions of imaging 

(ROI).   

    A PerkinElmer LS 50B Luminescence Spectrometer was used to acquire the 

fluorescence spectra from the solutions of conjugated polymer-bound gold nanoparticles 

before and after hybridization with target DNA. The excitation wavelength was set at 420 

nm with excitation slit at 10 nm and emission slit at 10 nm. 

    An Auto EL-III Automatic ellipsometer (Rudoph Research, Hackettstown, NJ) was 

used to measure the thickness of silica film deposited on the Au substrates. The 

instrument irradiated the substrates at an incident angle of 70 o, and a reflective index of 

1.457 was used for the silica films. 

4.3 Results and Discussion 

    The typical assembly of polythiophene/dsDNA complexes on the Au/Ag striped 

nanorods during DNA detection was illustrated in Figure 4.1: a capture oligonucleotide 

sequence was pre-mixed with cationic polythiothene derivatives to form weakly 

fluorescent species in solution. The formed ssDNA/polymer duplexes were then attached 
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to Au/Ag striped nanorods of specific pattern. Subsequent hybridization of an 

oligonucleotide of the complementary sequence (i.e. target DNA) to the one on the 

nanorods resulted in formation of polymer/dsDNA triplexes, in which polymers 

underwent a conformational change that made it fluorescent strongly upon excitation. As 

expected, direct immobilization of polymer/dsDNA triplexes experienced strong 

quenching by the Au and Ag surfaces underneath (Figure 4.1 B). Moving the triplexes 

away from the metal surface by introducing a silica layer on nanorods, however, 

successfully restored fluorescence (Figure 4.1 D). To provide guidance for optimization 

of conjugated polymer-based bioassays on Au/Ag striped nanorods and gain insight on 

non-radiative energy transfer between an excited organic compound and the nearby metal 

surface of similar length scales, quantitative characterization of the fluorescence behavior 

of conjugated polymers on or near metal surfaces is imperative.   

4.3.1 Distance-dependent fluorescence quenching of conjugated polymers on 

nanorods  

    Giving that fluorescence quenching near a metal surface is critically depended on the 

separation distance between the excited species and the surface, tuning the spacing 

between conjugated polymers and the metal surface is the logical and the most 

straightforward approach to investigate the fluorescence behavior of absorbed conjugated 

polymers on metallic nanorods. Silica layers of controlled thicknesses, ranging from 5-80 

nm (sporadic coating for shells thinner than 5 nm), were prepared using the modified 

Stöber method.35 The thickness of the silica layer was first controlled by changing 

deposition time, which increased from 10-min reaction to yield 5-nm coating to 60-min 

for 20-nm coating. Because further elongation of reaction time resulted in formation of 

free silica particles without nanorods encapsulated, fresh TEOS solution was added to 

nanorods pre-coated with 20-nm silica shells to yield ~40-nm coating after additional 

60-min incubation. Nanorods with ~80 nm coating were prepared with a third coating 

cycle. Figure 4.2 showed typical TEM images of silica-coated nanorods of various 

thicknesses. The silica coating in all cases was uniform across the particle surface. Little 

increase in surface roughness was observed, which eliminated any surface 

morphology-induced variation in fluorescence signals. It is also worth pointing out that 

that few free SiO2 particles, the primary by-product of reaction, were observed in the 
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TEM images. 

    Polymer/dsDNA triplexes were assembled on the silica-coated nanorods using 

SMCC as the bridging reagent. Figure 4.3(A) showed the resulting fluorescence images 

of the nanorods coated with SiOx of different thicknesses but with the same amount of 

polymer/dsDNA complexes. It is clear that the measured fluorescence intensities 

increased rapidly as the silica shell grew thicker. Figure 4.3(B) showed the quantitative 

plot of averaged fluorescence intensity as a function of silica shell thickness. As expected, 

the fluorescence intensity was increased steeply on the nanorod surface initially as the 

silica thickness increased from 0 to 20 nm, confirming the effective quenching of 

fluorescence by the Au/Ag striped nanorod surface within this range.11 When the silica 

thickness increased beyond 20nm, the fluorescence signal continued to increase but at a 

much slower rate until the curve gradually leveled off. It is important to point out here 

that the silica shell thickness was used to represent the separation distance between 

conjugated polymer complexes and the metal surface, regardless the overall polymer 

complexes could stretch over ~10 nm away from the surface due to electrostatic repulsion. 

This assumption was based on the delocalized electronic structure of conjugated polymers, 

which allowed electrons to freely migrate along the backbone with little energy barrier. In 

other word, the spacing between the attaching point of the polymer on silica and the metal 

surface is the most relevant in energy transfer between two species; hence is used in this 

study. 

    For further quantitative characterization of distance-dependent fluorescence 

quenching phenomena, quenching efficiency (QE) was calculated as: QE = 1 - Id / I∞.  

The value of QE is commonly used to quantify the relative amount of fluorescence 

intensity lost, in this case primarily due to quenching by the metal surface. Figure 4.4 

showed the plot of QE against silica shell thickness. Again, significant decrease in 

fluorescence quenching with the increasing thickness of silica coating was observed 

where >75% fluorescence was lost when the polymer complexes were placed within 

20-nm of the metal surface. While the fluorescence decay has been fitted by the fourth 

power of the spacing distance in literature,11 it was found the decay curve here was best 

fitted by an exponential decay model: QE = QE0*exp (-d / d0),36 where QE0 is the 

quenching efficiency when polymers were directly attached to the metal surface, d0 the 
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distance constant within which fluorescence quenching occurs, and d the separation 

distance between polymer and metals surface, here is the silica coating thickness. The 

experimental results yielded a fitting equation of QE = 1.03*exp (-d / 17.85). The 

estimated QE0 value was close to unit, indicating complete quenching of conjugated 

polymers on the metal surface at direct contact. The fitted d0 value of 17.85 nm was also 

in agreement with the theoretical and experimental studies on quenching of small organic 

dyes on the metal surface.16-18   

4.3.2 Distance-dependent fluorescence quenching of DyLight 488 on nanorods  

    To further confirm the similarity of quenching behavior between small organic dye 

molecules and conjugated polymers, DyLight 488 was selected, which had a similar 

emission profile (Abs: 493 nm, Em: 518 nm) with polythiophene, for comparison. The 

quenching experiment was studied by attaching dye molecules to the nanorods coated 

with silica either directly via its amino-reactive groups or using dual functional ssDNA A 

as the bridge. The latter attachment ensured the surface density of small dye molecules to 

be the same as the conjugated polymers, which was controlled by DNA attachment where 

electrostatic repulsion dictated final packing density. The use of DNA molecules as the 

bridging materials further eliminates any possible ambiguity raised from the contribution 

of DNA molecules in quenching. Figure 4.5 showed fluorescence intensities of 

dye-attached nanorods versus the thickness of silica coating.  Both cases exhibited 

increasing fluorescence intensities with the increase of silica coating thickness and the 

same reflecting point was observed at ~20 nm silica coating.  For dye molecules 

attached through ssDNA A, fluorescence was not completely quenched on bare particles 

due to the dead-length of DNA molecules, which placed the dye molecule away from the 

metal surface even in the absence of silica layer. 9-11 Note that, at the higher silica coating 

thickness (>20 nm) where the fluorescence quenching is minimized, the fluorescence 

intensity of dye via direct attachment was still much lower than that with the DNA spacer. 

It is attributed to the relatively low intensity of dye molecules immobilized through 

directly attachment, which may experience intermolecular self-quenching when the dye 

probes were crowded.   

    Figure 4.6 shows the quenching efficiency profile of DyLight 488 on nanorods 

related to silica coating thickness. For comparison, the quenching profile of conjugated 
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polymer complexes was also plotted in black squares. It is interesting to note that for dye 

molecules directly attached to the particle surface (green triangles), the quenching 

efficiency showed similar exponential decay trend to the increase of silica thickness (QE 

= 1.04*exp (-d / 19.7) and overlapped well with that of conjugated polymers. As 

aforementioned, the seemly less effective quenching observed from the dye molecules 

attached through the DNA spacer was due to the additional separation, introduced by the 

DNA spacer, between dye molecules and the surface (red dots). The best-fitted equation 

(QE = 1.04*exp (-(d+4.29) / 16.05) suggests the average DNA length was ~4.3 nm, 

which is consistent with the loose structure of ssDNA attached at its end point. Indeed, 

taking this estimated length of ssDNA spacer (4.29 nm) into account, the adjusted plot 

overlapped well with that of the dye molecules directly attached to the silica-coated 

nanorods (Figure 4.6 B). 

4.3.2 Distance-dependent fluorescence quenching of conjugated polymers on gold 

nanoparticles and Au substrates  

    It is known, and has been numerously reported, that fluorescence quenching 

efficiency of small dye molecules absorbed on the metal surface varies when the size and 

shape of the metal substrate underneath changes.3 The molecular weight of conjugated 

polythiophene is often hundreds of times of small organic dye molecules, and its linear 

structure often leads to a much bigger footprint when it comes to surface coating. Hence, 

an interesting question yet to be answered is how the geometric shape of metallic surface 

affects local energy transfer of conjugated polymers, especially when the substrate is in 

the same length scale as the polymer complexes (i.e. nm).  To study the effect of 

geometric shape on fluorescence quenching of conjugated polymers on the metal surface, 

two additional metal substrates were selected for comparison: a) 13-nm gold 

nanoparticles and b) flat 2-D Au substrates. Gold was selected as the metal medium 

because it was the primary metal in the nanorods we used (Au: Ag= 5:1).    

    In the designed experiments, again the separation distance between the attached 

conjugated polymer complexes and metal surfaces was varied by changing silica coating 

of different thickness. For the gold nanoparticles, by repeated addition of TEOS during 

shell growth, silica-coated AuNPs with thickness of 5.0±1.0 nm, 10.0±0.8 nm, 20.0±0.6 

nm, 30.0±0.5 nm, and 60.0±0.3 nm were obtained (Figure 4.7). Same attachment 
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chemistry was used for all surfaces to ensure comparable attachment efficiency across. To 

quantify fluorescence intensity of conjugated polymers, the fluorescence spectra of 

conjugated polymer-bound AuNP solutions were collected and the peak intensities were 

used. It is important to point out that in the case of the polymer bound AuNPs, the 

increase of silica coating thickness resulted in an increase in the total surface area, i.e. an 

increase in the absolute amount of polymer complexes bound. Because the fluorometer 

measures bulk fluorescence signals, this increase of an absolute amount of polymer 

complexes could not be easily separated from reduced quenching. To eliminate any 

ambiguity raised from the changes in surface loading, the amount of conjugated polymer 

bound on each particle was controlled by introducing the same amount of 

polymer/dsDNA complexes to the reaction mixtures. 

    For flat Au substrates, sol-gel deposition on flat Au substrates yielded film 

thicknesses of 4.6±0.4 nm, 9.5±1.6 nm, 21.6±1.5 nm, 32.5±2.6 nm, and 81.6±6.9 nm as 

measured by ellipsometry (Figure 4.8). Then polymer/DNA complexes were attached to 

the silica-coated substrates and fluorescence images were captured directly, and the 

fluorescence intensities were averaged from a few randomly selected regions of interest 

(ROI).   

    Both of AuNPs and flat Au substrate surfaces demonstrated a significant increasing 

of fluorescence intensity as the thickness of silica coating increasing from 0 to 20 nm, 

indicating the distance dependent fluorescence quenching of the conjugated polymer on 

these two metal surfaces. (Figure 4. 7, 4.8) 

    Figure 4.9 showed direct comparison of distance-dependent fluorescence quenching 

of conjugated polymers on three metal substrates of various sizes and shapes. All 

substrates showed similar exponential decay with fitting equations of QE = 1.03*exp (-d / 

17.85) for nanorods, QE = 1.036*exp (-d /19.75) for AuNPs, and QE = 1.03*exp (-d 

/17.25) for flat gold substrates. The similar QE0 values for all three systems suggest QE0 

is primarily determined by the chemical nature of the donor (ie. conjugated polymer) and 

the acceptor (i.e. Au surface). Two more points can be concluded from the fitting 

equations: (1) free electron migration through polymer backbone makes the fact that the 

absolute size of the conjugated polymers is much larger than small dipole molecule 

irrelevant during surface quenching; (2) the subtle differences in the d0 value, 19.8 (AuNP) 
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vs.17.9 (nanorod) vs. 17.3 (flat substrate), are in agreement with the literature where the 

larger donor/acceptor size ratio often lead to a larger d0 value.37 In other words, the 

smaller the energy acceptor the less efficient it is to quench fluorescence. 

4.4 Conclusions 

    In this chapter, I have investigated the distance-dependent fluorescence quenching 

behavior of conjugated polymer-dsDNA complexes on the Au/Ag striped nanorods. The 

results show the quenching efficiency of conjugated polymer on the nanorods decays 

exponentially as the coating thickness of silica layer increases. An inert coating of 20 nm 

is the minimal spacing needed for fluorescence restoration.  The quenching efficiency of 

conjugated polymers is found to be comparable to that of small dye molecules atop metal 

surfaces where the natural length of conjugated polymer is negligible.  The finding 

further confirms the validity of using the fast electron transfer model proposed in other 

reports to explain the superquenching behavior of conjugated polymers.  Similar 

distance-dependent quenching fitting equations are obtained for polymer-dsDNA 

complexes, regardless they were attached on 13-nm gold nanoparticles, 6-µm nanorods, 

or 2-D flat gold substrates. The observation suggests quenching efficiency is dictated 

primarily by the materials of the donor and acceptor, and to a small extent by the relative 

size of donor-to-acceptor.   
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Figures 
 

 
 

Figure 4.1 Concept illustration of formation of conjugated polymer-dsDNA complexes 
and their immobilization on nanorods.  The corresponding reflectance and fluorescence 

images of nanorods with polymer-dsDNA complexes without (A, B) and with 20-nm 
silica coating (C, D).  Image scale bar = 5 μm. 
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Figure 4.2 Representative TEM images of silica-coated nanorods with SiO2 thickness 
varied from 5 nm (A),10 nm (B), 20 nm (C), 40 nm (D), to 80 nm (E). The light grey 
layer is SiO2 due to its low electron density, whereas the black cores are metallic rods. 
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Figure 4.3 Distance-dependent fluorescence quenching of conjugated polymer on Au/Ag 
striped nanorods.  (A) Fluorescence images of nanorods with polymer-dsDNA triplexes 

attached.  The thickness of silica coating was varied from 0 to 80 nm, as specified on 
each panel (Scale bar = 5 μm).  (B) Quantification of fluorescence intensities per pixel 

as a function of silica coating thickness. The solid line is simple connection of 
experimental data points. 
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Figure 4.4 A plot of quenching efficiency of conjugated polymers on metal surface of 
nanorods against the thickness of silica coating.  The solid line is a mathematic fitting of 

QE = 1.03 *exp (-d / 17.85). 
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Figure 4.5 Fluorescence images of DyLight 488 on or near the nanorods. (A) DyLight 

488 was attached use a DNA spacer (35 mer), (B) DyLight 488 was directly attached on 
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the nanorods (Scale bars = 5 μm), and (C) Plots of fluorescence intensity of DyLight 488 
on nanrods versus thickness of silica coating. 
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Figure 4.6 (A) Plots of fluorescence quenching efficiency of conjugated polymer and 

DyLight 488 on nanorods. The solid lines are mathematic fitting of various systems with 
the equations labeled in the panel. (B) Fluorescence quenching curves of DyLight 488 on 

the nanorods before (black square) and after (red dot) taking the length of DNA spacer 
into consideration. 
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Figure 4.7 (Top) TEM characterization of silica shells on the gold nanoparticles with the 

thickness varied from 0 to 60 nm (increasing from A to E).  (Bottom) The 
corresponding fluorescence spectra of particles loaded with conjugated polymer-dsDNA 

complexes. 
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Figure 4.8 (A) Ellipsometric measurements of silica film thicknesses on the gold 

substrates, prepared by varying the amount of TEOS in the deposited sol.  (B) The 
corresponding fluorescence images of substrates coated with conjugated polymer-dsDNA 

complexes (Scale bar = 5 μm). 
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Figure 4.9 Comparison of distance-dependent fluorescence quenching profiles of 

conjugated polymer-dsDNA complexes on Au/Ag striped nanorods (black square), 13-nm 
AuNPs (red dot), and 2-D gold substrates (green triangle). 
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CHAPTER 5 Thermodynamic and Kinetic Study of Formation of 

Cationic Conjugated Polymer-DNA Complexes 

5.1 Introduction 

    In the previous Chapters, I have demonstrated the use of fluorescent conjugated 

polymers for label-free DNA detection. The detection strategy relies on the different 

conformational changes of cationic polythiophene derivatives when they are 

electrostatical binding to either single-stranded DNA (ssDNA) or double-stranded DNA 

(dsDNA), which in turn results in the significant changes of optical properties of 

polymers.       

    It is well known that the electrostatic interaction between cationic polythiophene 

derivatives and negatively charged DNA plays an important role in conjugated polymers 

based DNA sensing. Therefore, physical studies of thermodynamics and hybridization 

kinetic properties of cationic conjugated polymers-DNA complexes are essential to 

understand and control the interaction between cationic polymers and DNA on a molecule 

level. In addition, with the knowledge of thermodynamic parameters (enthalpies, 

entropies, or free energy) and hybridization rate constants on the formation of those 

polymer-DNA complexes, optimal assay conditions, such as reaction temperatures or 

incubation time to allow hybridization to reach equilibrium, can be estimated without 

extensive experimentation. However, little information about their thermodynamic values 

and kinetic properties has been reported to date. To the best of our knowledge, Leclerc 

and his coworkers are the only one who have qualitatively assessed that polymer-dsDNA 

triplexes are more thermodynamically stable than polymer-ssDNA duplexes.1   

    Studying the formation of cationic conjugated polymers-DNA complexes requires 

the ability to quantitatively measure the amount of polymer complexes, and free polymers, 

and free nucleic acids in the reaction mixture. Several methods have been used to 

characterize formation of other polyelectrolyte-DNA complexes, such as absorbance 

spectroscopy to measure system hypochromicity and circular dichroism (CD), calorimetry, 

and nuclear magnetic resonance (NMR).2-7 All of these techniques, sole rely on the 

changes of DNA properties during hybridization and dehybridiation; hence is insufficient. 

Fortunately, unlike other polyelectrolytes, cationic polythiophene derivatives possess the 
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unique capability of changing their optical signatures during formation of polymers-DNA 

complexes. This property enables us to directly monitor the formation of polymer-DNA 

complexes colorimetrically or fluorometrically.   

    In this Chapter, I reported the first systematic study of the thermodynamic stability 

of cationic polythiophene derivative-DNA complexes and the hybridization kinetics 

during polymers-dsDNA formation. 

5.2 Experimental Sections 

5.2.1 Materials  

    Cationic conjugated polythiophene derivatives, poly(1H-miidazolium, 1-methyl 

-3-[2-[(4-methyl-3-thienyl)oxy]ethyl]-,bromide), were prepared according to the 

published procedured.1, 8 The synthesized conjugated polymers have an averaged 

molecular weight of about 6-10 KDa, which is corresponding to about 20-30 repeated 

monomer units. Amine functionalized silica nanoparticles (100 nm diameter and 1.96 

g/ml density) were prepared using the published procedure.9 Sulfo succinimidyl 4- 

[N-maleimidomethyl] cyclohexane-1-carboxylate (sulfo-SMCC) was purchased from 

Pierce (Rockford, IL). All oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, IA). The sequences of DNA used in this Chapter were listed in 

Table 5.1. Upon receipt of thiolated DNA, the disulfide was cleaved with 100 mM 

dithiothreitol (DTT) and purified with a micro bio-spin 30 column from Bio-Rad 

(Hercules, CA). 

5.2.2 Preparation of conjugated polymer-DNA complexes  

    At a typical experiment, 10 μL of 100 μM capture DNA (X1) was mixed with 20 μL 

of conjugated polymers (~750 μM in repeat unit) on an equivalent charge unit basis and 

the volume was adjusted to 100 μL with 10 mM PB (pH 7.0) buffer. The mixture was 

kept at room temperature for 30 min at room temperature to form conjugated 

polymer-ssDNA duplexes.  

    For the formation of conjugated polymer-ds DNA triplexes, the above pre-formed 

duplex solution was added with 10 μL of 100 μM target DNA (Y1) and incubated at 37 
oC for 30 min for the hybridization.  
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    For the formation of dsDNA duplexes, 10 μL of 100 μM X1 was mixed with 10 μL 

of 100 μM Y1 in 80 μL PB buffer. The mixture was pre-hybridized at room temperature 

overnight to form stable dsDNA duplexes. 

5.2.3 Attachment of conjugated polymer-ssDNA duplexes on silica nanoparticles 

    The polymer-ssDNA duplexes were immobilized on the silica nanoparticles using 

SMCC crosslinker to couple thiol group of capture DNA to amine group on the particle 

surface. Typically, 100 μL of 15 mg/mL amino-functionalized silica nanoparticles were 

washed twice with 10 mM CHES (pH 9.0) buffer, then 1mg of sulfo-SMCC in 500 μL of 

CHES buffer was added and incubated for 1hr. After centrifuge, pelleted particles were 

washed twice with CHES buffer and twice with 10 mM PB buffer, and then resuspended 

in 500 μL of PB buffer. At the same time, 100 μL of 16 μM X1’ was pre-mixed with 75 

μL of 750 μM conjugated polymers for 30 min to form the duplexes. The duplex solution 

was then added into the particle solution and incubated overnight. After that, particles 

were washed three times with PB buffer, and finally resuspended in 500 μL of PB buffer. 

By measuring the UV absorbance at 260 nm of supernatant, it was found all the duplexes 

were immobilized on the particles. Therefore, the concentration of immobilized 

polymer-ssDNA duplexes was calculated to be about 3.2 μM. And the surface density of 

immobilized duplexes was ~ 3 pmol/cm2.  

    For hybridization reaction, 20 μL of as prepared polymer-ssDNA duplex bound silica 

nanoparticle solution was mixed with target DNA (Y1) at certain temperature, and the 

fluorescence spectra were collected along the incubation time.  

5.2.4 UV absorbance measurement 

    Melting curves of dsDNAs, polymer-ssDNA duplexes, and polymer-dsDNA 

triplexes were recorded by monitoring UV absorbance at 260 nm in solution on a 

Hewlett-Packard Model 8435 spectrophotometer in solution. Typically, melting curves 

were recorded from a temperature well below melting temperature (Tm) to a temperature 

well above Tm at a linear heating rate of 60 oC/hr. Absorbance values at 260 nm were 

continuously recorded within 2 oC increments. The resulting absorbance at 260 nm versus 

temperature profiles provides a thermal melting curve. The thermodynamic analysis was 

based on concentration dependent Tm values derived from the melting curve recording.10 
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5.2.5 Circular dichroism measurement 

    The circular dichroism (CD) spectra of dsDNAs, polymers, polymer-ssDNA 

duplexes, and polymer-dsDNA triplexes were obtained with a Jasco J-600 

spectropolarimeter (Japan Spectronic Co., Ltd.) in a 10-mM PB solution. The 

measurements were made at 45 oC, between 190 nm and 600 nm, in a cylindrical quartz 

cell with path length of 1 cm. Each spectrum was the sum of 10 accumulations. The 

bandwidth of the spectropolarimeter was set at 1.0 nm, the sensitivity at 5 mdeg, the 

response time at 1 sec, the scanning speed at 500nm/min, and the step resolution at 1 nm. 

5.2.6 Fluorescence measurement 

    To monitor DNA hybridization in solution, fluorescence spectra of hybridization 

solution were collected using a PerkinElmer LS 50B Luminescence Spectrometer. The 

excitation wavelength was set at 420 nm with an excitation slit width of 15 nm and an 

emission slit width of 20 nm. The hybridization kinetic curve was recorded by monitoring 

the fluorescence intensity at 505 nm as a function of the incubation time. When a plateau 

value was reached with no further change in the signal with time, the hybridization 

reaction was considered to be at equilibrium. Then the kinetic analysis of conjugated 

polymer-DNA hybridization was carried out by determining the association rate constant, 

ka, from nonlinear least square fits of fluorescence intensity versus time data.11 

5.3 Results and Discussion 

    The cationic polythiophene derivative-based label-free DNA detection relies on 

different conformations of conjugated polymers when they bind to ssDNA or dsDNA via 

electrostatic interaction. As shown in Figure 5.1, when the cationic polymers were mixed 

with ssDNA, the color of the solution changed from yellow to red, and fluorescence of 

the polymer was strongly quenched. This was due to formation of polymer-ssDNA 

duplexes via electrostatic interaction, where the conformation of the polymers changed 

from random coil to a straight linear structure with most charges facing inward. This 

conformational change induced the aggregation of polymer chains through hydrophobic 

interaction and thus resulted in inter-chain quenching and efficient electron transfer to 

ssDNA.1, 12 In contrast, when DNA of complementary sequence was added into the 
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duplex solution, the color of the solution went back to yellow, and fluorescence of 

polymer restored. It has been shown that formation of polymer-dsDNA triplexes during 

DNA hybridization induced the polymer chains loosen up again underwent a 

conformational change to a helix structure loosely wrapped around dsDNA.1, 12 This 

helical chain conformation reduced intermolecular conjugation and permitted radiative 

relaxation of excited electrons. Therefore, the readiness of these conjugated polymers to 

change conformation when they bind to different partners enables us to directly study the 

process during their complexation with DNA. 

5.3.1Thermodynamic stability of polymer-DNA complexes  

    The thermodynamic stability of the conjugated polymer-DNA complexes was 

studied by measuring their melting curves under different conditions. Using absorption 

spectroscopic means to monitor the melting behavior of DNA molecules ha been widely 

used in characterization of other polyelectrolyte-dsDNA complexes.2-5 Similarly, an 

increase in absorbance (hyperchromic effect) at 260 nm was observed for the melting of 

polymer-dsDNA triplexes, which was a result of disruption of base stacking in dsDNA. 

Therefore, increase in absorbance at 260 nm was used to indicate dissociation of 

polymer-dsDNA triplexes. However, for the melting of polymer-ssDNA duplexes, a 

decrease in absorbance at 260 nm was observed instead. The significant decrease of 

absorbance at 260 nm during the dissociation of duplexes is believed to due to the 

conformation changes of polymers (Figure 5.2). Thus decrease in absorbance at 260 nm 

was then used to monitor dissociation of polymers from ssDNA. 

    The thermodynamics stability of polymer-DNA complexes is then given by the 

melting temperature, Tm, the temperature at which half of the complexes dissociated. Tm 

was determined by calculating a fractional value, α, at each temperature10: 

0

0

' AA
AA

−
−

=α                          [1] 

where A is measured absorbance at each temperature, A0 is absorbance at lowest 

temperature (fully formed complexes), and A’ is absorbance at highest temperature (full 

dissociated complexes). The value of α defines the extent of dissociation of complexes. 

Tm was the corresponding temperature when α = 0.5.  
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    Figure 5.3 showed the typical melting curves of dsDNA duplexes, polymer-ssDNA 

duplexes and polymer-dsDNA triplexes in 10 mM PB buffer solution. The DNA 

sequences used in our studies were 15-mer oligonucletides. Comparison of the 

polymer-ssDNA duplexes and dsDNA duplexes melting experiment revealed that 

polymer-ssDNA duplexes typically melted at approximately 9 oC higher than the dsDNA 

duplexes. This might be due to the different binding force between polymer-ssDNA 

duplexes and dsDNA duplexes. As we know, dsDNA duplexes are mainly formed by the 

hydrogen bonds of base pairs. However, in low salt concentration (10 mM PB), the strong 

electrostatic repulsion between negatively charged phosphate backbones of DNA is 

dominant, which results in the instability of dsDNA duplexes and dissociation at lower 

temperature. For the polymer-ssDNA duplexes, they are binding via electrostatic 

interaction between the cationic polymer and negatively charged ssDNA, and in the low 

salt concentration, this electrostatic interaction is much stronger. Therefore, the 

complexes are expected to dissociate at higher temperature. The subsequently formed 

polymer-dsDNA triplexes via hybridization were even more stable as shown in the 

melting curve--they did not dissociate until the temperature reached up to 70 oC. The 

results shown here indicated that binding of cationic conjugated polymers significantly 

stabilized dsDNAs, as found in the study of other polyelectrolyte-dsDNA complexes, 

such as Poly(L-lysine)-dsDNA complexes 2, 3. It should be noted that only a single 

transition temperature was observed for melting of polymer-dsDNA triplexes, suggesting 

polymers and dsDNA were completely dissociated during heating.  

    To further understand how cationic conjugated polymers electrostatically bind with 

DNA, circular-dichroism (CD) spectra were used to monitor the presence of helical 

structures of polymers upon binding of DNA. As shown in Figure 5.4(A), there was little 

optical activity of the polymer in its random-coil form and of the polymer-ssDNA 

complex in its conjugated form. On the other hand, both the dsDNA helixes and the 

polymer-dsDNA triplexes exhibited strong absorption peak at the 190-300 nm region, 

which was typical B-form of helix, suggesting the binding of polymer did not cause 

conformational reorganization of dsDNA. More excitingly, a new CD absorption center at 

~450 nm was observed for polymer-dsDNA complexes.  The peak intensity was found 

to be dependent on the relative amount of dsDNA to the polymer (Figure 5.4 B), 
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suggesting a right-hand helical orientation of polymer backbone ordered by dsDNA.13 

Such a right-hand helical structure is in agreement with the speculated binding model 

where polymer binding stabilize dsDNA complexes by wrapping around helix dsDNA 

duplexes. 

    CD spectra of polymer-dsDNA triplexes at different temperatures also confirmed 

one single transition temperature of their melting. As shown in Figure 5.5, at 45 oC, the 

triplexes were very stable with the CD spectra features of dsDNA at 190-300 nm region 

and polymer at 450 nm obviously. However, if the triplex solution was heated to 75 oC, 

both the CD spectral features of dsDNA and polymer decreased significantly, suggesting 

the partial dissociation of polymers and dsDNA simultaneously. And if the solution was 

kept heating to 90 oC, both of the spectral features disappeared, indicating the fully 

dissociation of triplexes. The results from the temperature-dependent CD spectra of 

triplexes were well in agreement with their melting curve (Figure 5.3).   

    Thermodynamic parameters of conjugated polymer-DNA complexes were further 

derived from concentration-dependent melting studies in a manner similar to that used 

conventionally for dsDNA duplexes,14-16 by plotting 1/Tm as a function of concentration 

and fitting the experimental data according to the following equation: 
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where R is the gas constant, and Ct is the total concentration of conjugated polymer and 

single stranded DNA. The enthalpy (ΔHo) and entropy (ΔSo) were determined from the 

slope and y- intercept, respectively. Then free energy (ΔGo) and dissociation constant (Kd) 

were determined according to the following equations:  

ΔGo = ΔHo – T ΔSo                       [3] 
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    Plotting 1/Tm as a function of concentration (ln(Ct)) for dsDNA duplexes, 

polymer-ssDNA duplexes and polymer-dsDNA triplexes were shown in Figure 5.6. 

Based on equations [3] and [4], the thermodynamic data of them were calculated and 

summarized in Table 5.2. It was clear that the presence of cationic conjugated polymers 

significantly increased both ΔHo and ΔSo values for DNA hybridization. Comparisons of 

the ΔGo
298 showed that the polymers stabilized the hybridized dsDNA by 4 kcal/mol. This 
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stabilizing effect can also be revealed by the dissociation constant, where 

polymer-dsDNA triplexes had a dissociation constant of 2.44x10-11 M, 2 orders of 

magnitude lower than that of polymer-ssDNA duplexes, and 3 orders of magnitude lower 

than that of dsDNA duplexes. It is important to note that the significant difference in 

thermodynamic stability between polymer-ssDNA duplexes and polymer-dsDNA 

triplexes could be very useful in the design of polymer based biosensing applications on 

solid phase where probes are attached to the substrates. For example, by controlling the 

incubation temperature, only hybridized polymer-dsDNA triplexes would be present on 

the substrates; thus nonspecifically bound species could be separated from the mixture, 

leading to reduced background signal from the polymer-ssDNA duplexes.    

5.3.2 Hybridization Kinetics of conjugated polymer-bound DNA complexes  

    When conjugated polymer-ssDNA duplexes hybridized with complementary DNA 

sequence to form polymer/dsDNA triplexes, a significant increase of fluorescence was 

measured, resulting from the conformational change of polymers from a planar one in 

duplex form (weak fluorescence) to coiled one in triplex form (strong fluorescence) 

(Figure 5.1). Therefore, conjugated polymer-bound DNA hybridization kinetics can be 

measured in real-time as the increased fluorescence intensity. Since the conjugated 

polymer-ssDNA duplexes were pre-made, the hybridization reaction can be treated as 

bimolecular reaction in a manner as that used for conventional DNA hybridization. The 

stoichiometric relationship for the conjugated polymer bound-DNA hybridization in 

solution is given by:. 

Cdup. + Ct = Ctri. 

where Cdup.is the concentration of the polymer-ssDNA duplexes, Ct is the concentration of 

the target DNA, and Ctri.is the concentration of hybridized polymer/dsDNA triplexes.  

    Figure 5.7(A) displayed the representative hybridization kinetic curve of conjugated 

polymer-bound DNA in solution phase by plotting fluorescence intensity of the 

hybridized mixture along the reaction time. During the first 30 min, fluorescence intensity 

of the solution increased rapidly, indicating the formation of polymer-dsDNA triplexes 

via hybridization. The curve was then slowly leveled off with no further changes in the 

signal over 60 min, and the hybridization reaction was considered to reach the 

equilibrium. To further analyze the hybridization kinetic data, for each time point, we 
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calculated a fractional value, f, from the measured fluorescence intensity (I), the initial 

fluorescence intensity of solution at time zero (I0), and the fluorescence intensity at 

equilibrium (I^). Since measurements were made only in the region where fluorescence 

increase was linear to the concentration of hybridized triplexes, the value of f represents 

the ratio of the concentration of triplexes at a given time (Ctri.) to the concentration of 

triplexes at equilibrium (Ctri.^): 
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Therefore, the value f defines the extent of formation of polymer-dsDNA by hybridization 

reaction at any time. At time zero, f = 0, while at equilibrium, f = 1. 

    For hybridization in the solution phase, the kinetic data was analyzed by using a 

bimolecular reaction mechanism to determine the association constant, ka. And the 

equation was given in the following, by fitting f as a function of time according to the 

literature procedures:11  
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where Cdup0 and Ct0 are the initial concentration of duplexes and targets, respectively. 

Then the association rate constant, ka, can be then determined from the fitting curve.  

    Figure 5.7(B) showed experimental results obtained for three different 

solution-based reaction conditions as well as the fits of these results with bimolecular 

kinetic model according to equation [6]. As we can see, the bimolecular kinetic model 

fitted the data very well, thus this model could be considered appropriate to determine ka 

of solution based hybridization. Table 5.3 summarized ka values for each condition 

determined from the fitting equation. An averaged ka value of 1.9 x 103 M-1 s-1 was 

obtained for polymer bound 15-mer DNA hybridization in a 10mM PB buffer. This value 

is much lower than the reported value of 6.4 x 105 M-1s-1 for hybridization of 16-mer 

DNA in a similar buffer but with a very high salt concentration (0.18 M NaCl)17, 

indicating that the electrostatical binding of cationic conjugated polymer to ssDNA can 

strongly impede DNA hybridization reaction due to the steric hindrance. Actually, the 

hybridization of polymer bound DNA complexes is much more complicated, which is not 

just a simple bimolelcular reaction process as traditional DNA hybridization. The 
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hybridization reaction usually takes place at relatively high temperature (>37 oC). This 

temperature might be required to dissociate polymer from the duplex form for subsequent 

DNA hybridization, then polymers would further wrap around the hybridized dsDNA 

since polymer-dsDNA triplexes are much more stable, as shown in above discussion. 

    Conjugated polymer-DNA complexes have also been attached to solid phase such as 

planar surface or particles to increase sensitivity and flexibility of their biosensing 

applications,18-20 because solid phases can provide an effective means for separating 

specific targets from unwanted, often interfering, species in the mixture. Therefore, it is 

also very necessary to understand the hybridization kinetics of polymer-DNA complexes 

attached on the solid surface. To this purpose, 100 nm of silica nanoparticle was used as a 

model solid surface for the study since they are transparent in dilute solution and their 

optical properties do not interfere with the conjugated polymers. The silica nanoparticles 

are stable in solution, therefore, polymer-bound DNA hybridization kinetics can also be 

directly monitored by measuring the relative increase of fluorescence intensity of the 

reaction solution.  

    Figure 5.8(A) showed one representative fluorescence increasing curve for 

hybridization of conjugated polymer bound 15-mer DNA on the silica nanoparticles. I 

first tried to apply the same bimolecular kinetic model as used in the solution phase 

hybridization for our particle based data. However, it was found that it was impossible for 

us to obtain reasonable fits with the simple bimolecular kinetic model (data now shown). 

This is because that the solid phase will have steric constraints on the binding reactions, 

such as the difficulty of orienting the solution phase reagent as it approaches its 

immobilized binding partner on the particle surface, limited access due to crowded 

conditions on the particle surface, lateral interactions of biomolecules on the particle 

surface, blocking of certain sites by binding to the adjacent sites, or difficulty of 

necessary conformational change prior to binding.21-24 Due to such steric effects of 

particle surface, a biexponential kinetic model is required, which has been used to 

describe the kinetics of many solid-phase binding reactions.25 Here, we test the fits with a 

biexponential kinetic model according to the following equation: 11 
tbtb eaeaf 21 )1(1 11

−− −−−=                   [7] 

And the initial rate constant, ka0, can be determined from initial slope of the fit to the 
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biexponential curve: 
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    Particle based conjugated polymer bound DNA hybridization kinetic data did fit the 

above biexponential model in which an initial fast reaction was followed by a secondary 

slow reaction (Figure 5.8 B). Table 5.4 summarized the ka0 values determined from four 

different particle-based reaction conditions. The averaged ka0 value was only 264 M-1 s-1. 

When compared to the solution-based association rate constant (1900 M-1 s-1), the 

hybridization rate of polymer bound-DNA on the particles is much slower, which is 7 

fold less. Such decrease of association rate constant was in agreement with the reported 

decrease for traditional DNA hybridization on latex micropaticles, which was 5~10 fold 

less than solution phase.11 The results indicated that particle surface did have certain steric 

limitations on binding reaction, which might impede DNA hybridization on it. Although 

in our experiment design, a poly-A spacer (A20) was used in the capture probe to increase 

hybridization efficiency and rate by moving the target recognition sequence further from 

the particle surface, the steric constraints still played important role for the observed 

lowed reaction rate.  

    For the solid phased reaction, where one binding partner is immobilized on a solid 

surface and the other molecule is in solution, kinetic association rate constants are often 

heavily influenced by mass transport rates (or diffusion rates). To determine whether our 

polymer-bound DNA hybridization on the silica nanoparticles was reaction limited, the 

Damköhler number (Da) for particle based reaction was calculated according to following 

equation:26 

)/()/(
Re 00

0

000

xD
k

xDC
Ck

VelocityDiffusion
VelocityactionD fa

dup

fdupa
a

Γ
=

Γ
==            [9] 

where Γf0 is the surface density of polymer-bound capture DNA duplexes on the particle 

surface (mol/cm-2), D is the diffusion coefficient of the target DNA (cm2/s), x is the 

diffusion boundary layer at the surface (cm), and ka0 is the association rate constant for 

polymer-bound DNA hybridization on the particles (cm-3/mol-s). For a sphere particle, 

the diffusion boundary layer (x) is equal to radius. When a reaction is diffusion-rate 

limited, the value of Da will be greater than 1, for reaction limited, the value will be less 
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than 1. In our case, the ka0 value is ~2.64 x 105 cm-3/mol-s, density of polymer-bound 

DNA duplexes (Γf0) is 3 x 10-12 mol/cm-2, and the radius of silica nanoparticles is 5 x 10-6 

cm. And it was found that the diffusion coefficient of a 20 base pair duplexes was 1 x 10-6 

cm2/s.27 Using this value as an estimate for the diffusion coefficient of our 15-mer DNA, 

we calculated Damköhler number as 4 x 10-6 cm2/s. This value is well below 1, indicating 

that particle-based polymer-bound DNA hybridization is reaction-rate limited.  

    We further compared the energetic barriers of polymer-bound DNA hybridization in 

the solution phase and on the particle phase by determining the corresponding activation 

energy (Eact.). The activation energy is determined by temperature dependent association 

rate according to the Arrhenius equation14: 

RT
EAk act

a
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The temperature dependencies of polymer bound 15-mer DNA hybridization reaction 

were examined by recording the association curves at a number of different temperatures 

both in solution and on silica nanoparticles. Figure 5.9 displayed the plots of the resulting 

ln (ka) versus 1/T data. The activation energies, Eact., determined from the linear 

least-squares fits were also listed in the Table 5.5, which was 11.3 kcal/mol for solution 

phase and 13.14 kcal/mol for particle phase. The activation energy of polymer-bound 

DNA hybridization on particle phase is higher than that in solution phase, providing 

further evidence that particle impede the hybridization reaction.   

5.4 Conclusions 

    In this Chapter, I have systematically investigated the thermodynamics and kinetics 

of the formation cationic polythiophene derivative-DNA complexes. The significant 

changes of optical property of the conjugated polymers during the formation of 

polymer-DNA complexes, dictated by conformational switch of polymer, provides a 

direct mean to study the thermodynamics and kinetics. The results showed that the 

electrostatic binding of cationic conjugated polymer significantly improved the 

thermodynamic stability of dsDNA duplexes by comparing the melting curves and 

thermodynamic values. CD spectra of the polymer-DNA complexes confirmed the 

cationic polymers were wrapping around the helix dsDNA. And the polymer-bound DNA 

hybridization kinetics was directly monitored by the increase of fluorescence intensity of 
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polymer. By fitting the hybridization data with a bimolecular kinetic model, I determined 

an association constant (ka) value of 1.9 x 103 M-1s-1 for 15-mer DNA hybridization in 

solution phase, which is much lower than the free DNA hybridization. I also studied the 

hybridization kinetics of polymer bound DNA on the silica nanoparticles using a 

biexponential kinetic model. It was found that hybridization rate on solid phase was much 

slower, due to the steric limitations of particle surface, which was further confirmed by 

comparing the activation energy.  
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Tables 
 

Table 5.1 Summary of DNA sequences used in this Chapter 

Name Sequence Description 

X1 5’TAA CAA TAA TCC CTC Capture probe 

X1’ 
5’-TAA CAA TAA TCC CTC 

A20-C3-S-S-C3-OH 

Capture probe to bind on 

silica particles 

Y1 5’-GAG GGA TTA TTG TTA Complementary to X1, X1’ 
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Table 5.2 Summary of thermodynamic values of dsDNA duplexes, polymer-ssDNA 
duplexes, and polymer-dsDNA triplexes 

 

 ΔHo 

(kcal/mol) 

ΔSo 

[cal/(mol.K)] 

ΔGo at 298 K 

(kcal/mol) 

Kd at 298 K 

(M) 

dsDNA -79.51±9.39 -231.71±27.70 -10.42±1.14 2.23 x 10-8 

Polymer-ssDNA -35.16±2.21 -80.94±5.42 -11.04±0.59 7.84 x10-9 

Polymer-dsDNA -47.8±3.24 -111.9±7.94 -14.45±0.87 2.44 x10-11 
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Table 5.3 Association rate constants of solution phase hybridization at various 
concentrations of the polymer-ssDNA duplexes and target DNA 

 

Cdup0 (μM) CT0 (μM) ka (M-1 s-1) Average ka (M-1 s-1) 

1.04 0.848 (1.91 ± 0.24) x 103 

1.04 0.636 (1.94 ± 0.35) x 103 

1.04 0.424 (1.83± 0.12) x 103 

1.89 x 103 
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Table 5.4 Initial rate constants for hybridization of polymer-ssDNA bound silica 
nanoparticles 

 

Cdup0 (μM) Ct0 (μM) ka0 (M-1 s-1) Average ka0 (M-1 s-1) 

2.56 2.40 (2.36± 0.21) x 102

2.46 1.54 (2.39± 0.54) x 102

1.60 1.25 (2.98± 0.44) x 102

2.13 1.66 (2.86± 0.37) x 102

2.64 x 102 
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Table 5.5 Summary of activation energies for the polymer- ssDNA duplexs hybridization 
in solution phase and on particle phase 

 

T (oC) Solution phase, ka (M-1 s-1) Particle phase, ka0 (M-1 s-1) 

37 1900 264 

45 2969 389 

50 4158 531 

Eact. (k cal/mol) 11.3 13.1 
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Figure 5.1 (A) Schematic illustration of the electrostatically binding of cationic 

conjugated polymer with ssDNA and subsequent DNA hybridization. (B) Absorbance 
profiles of conjugated polymer bound DNA complexes. (C) Emission profiles of 

conjugated polymer bound DNA complexes: (a) free polymer, (b) polymer/ssDNA 
duplexes, and (c) polymer/dsDNA triplexes 
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Figure 5.2 Comparison of the absorbance spectrum of conjugated polymer/ssDNA 

duplexes before and after dissociation. There is a significant decrease of absorbance at 
260 nm. (a) polymer-ssDNA duplexed, (b) full dissociation of duplexes, (c) ssDNA, and 

(d) polymer. 
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Figure 5.3 Melting curves of dsDNAs, polymer-ssDNA duplexes, and polymer-dsDNA 

triplexes in 10 mM PB buffer. 
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Figure 5.4 (A) Circular dichroism spectrum of dsDNAs, polymer, polymer/ssDNA 
duplexes, and polymer/dsDNA triplexes in 10 mM PB buffer.  (B) Circular dichroism 

spectra of hybridization mixture of conjugated polymer-ssDNA duplexes and its 
complementary DNA at the following ratio, respectively: 1:0 (a), 1:0.2 (b), 1: 0.6 (c), 

1:0.8 (d), and 1:1 (e).  
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Figure 5.5 Circular dichroism spectrum of and polymer/dsDNA triplexes at different 

temperature of 45, 75, and 90 oC. 
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Figure 5.6 Thermodynamic analysis of concentration-dependent melting data for 

dsDNAs, polymer-ssDNA duplexes, and polymer-dsDNA triplexes.  
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Figure 5.7 (A) Fluorescence response of conjugated polymer-bound DNA hybridization 
in solution phase, the concentration for polymer/ssDNA duplexes and target DNA was 

1.04 and 0.848 µM, respectively.  (B) Fitting the kinetic results with bimolecular kinetic 
model for the following concentrations of polymer/ssDNA duplexes and target DNA, 

respectively: 1.04 and 0.848 µM, 1.04 and 0.636 µM, 1.04 and 0.424 µM.  
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Figure 5.8 (A) Fluorescence response of conjugated polymer-bound DNA hybridization 

in 100 nm silica nanoparticles, the concentration for immobilized polymer-ssDNA 
duplexes and target DNA was 2.56 and 2.4 µM, respectively.  

(B) Fitting the kinetic results with biexponential kinetic model for the following 
concentrations of immobilized polymer/ssDNA duplexes and target DNA, respectively: 

2.56 and 2.4 µM, 2.46 and 1.54 µM, 1.6 and 1.25 µM, 2.13 and 1.66 µM.  
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Figure 5.9 Arrhenius plots for conjugated polymer-bound DNA hybridization in solution 
phase and on particle phase. Association rate constants were determined from the fitting 

curves recorded at different temperatures.  
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CHAPTER 6 Label-free, Multiplexed miRNA Detection on Au/Ag 

Striped Nanorods with Fluorescent Conjugated Polymers 

6.1 Introduction 

    MicroRNAs (miRNAs) are small, non-protein-coding RNAs (19 to 23 nucleotides) 

that regulate gene expression in plants, animals, and viruses either through cleavage of 

messenger RNA or through translational repression.1-4 Several research groups have 

shown that miRNA gene expression plays an important role in many critical biological 

processes such as cell development, cell proliferation, cell death, cell differentiation, and 

fat metabolism.5-8 More importantly, recently, miRNAs have been shown to be linked to a 

variety of cancers and other diseases depending on miRNA expression levels (Table 

6.1).9-18 The close relationship of miRNA expression in cancer development makes them 

a useful diagnostic and prognostic marker for clinical treatment of cancers. It is essential 

to monitor the expression level of these small molecules, while progress in the miRNA 

detection is hindered by the short-length nature of miRNA. The low annealing 

temperature often leads to a high risk of cross-hybridization and thus imposes challenges 

in the studies. 

    Most methods developed to date for miRNA detection are mainly based on Northern 

blotting, microarray, PCR, or solid-phase hybridization.19-29 For example, Northern 

blotting is the most widely used method and is considered as the standard for miRNA 

detection. This method, however, is time-consuming, semi-quantitative, and has very low 

sensitivity. Microarray based methods are now being used more and more for miRNA 

detection due to their high throughput capability. Nevertheless, they are limited by 

sensitivity, selectivity and specificity because of the small size and high sequence 

homology of miRNA. For the PCR based methods, the efficiency is also heavily affected 

because of the small length of miRNA, which requires the use of small primers. In 

addition, solid-phase hybridization assays have employed organic fluorophores, quantum 

dots, gold nanoparticles, or bioluminescence enzyme as labels. Although these methods 

have provided a very high detection limit (femtomole), they often require miRNA 

enrichment followed by labeling of miRNA prior to detection.  Therefore, there still 

remains a challenge for miRNA detection method that is simple, rapid and label-free. 
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    Recently, fluorescent conjugated polymers have been widely used as optical probes 

in biosensing applications.30-34 The delocalized electronic structure of these conjugated 

polymers offer several advantages as the optical probes in biosensing applications due to 

their superior electronic property, light harvest nature, optical signal amplification effect, 

and optical property supersensitive to minor perturbations.35-39 Of the various fluorescent 

conjugated polymers reported to date for biosensing application, cationic polythiophene 

derivatives,40-42 initiated by the Leclerc and Inganäs group, are of particular interest for 

their conformation-dictated optical signatures, which have been used as hybridization 

transducers for the rapid, specific and sensitive detection of DNA with no need of any 

labels. This simple, label-free detection strategy relies on different conformational 

changes of polymers when electrostatically binding to either single-stranded DNA 

(ssDNA) or double-stranded DNA (dsDNA), which in turn results in significant changes 

of the optical properties of polymers. As mentioned above, the main challenges in miRNA 

detection are coming from the small size of miRNA (only 19 - 23 nucleotides). 

Fortunately, the length of the polythiophenes derivates, which contains 20-30 repeated 

units, matches the small size of miRNA. Therefore, it is possible to take advantage of the 

conformational changes of polythiophene derivatives to develop a simple, fast, and 

label-free method for the miRNA detection.43 

    In previous Chapters, I have demonstrated the use of cationic polythiophene 

derivatives in conjunction with metallic striped nanorods for label-free, multiplexed DNA 

detection with high sensitivity and specificity.44 In this chapter, I am going to expand the 

same assay concept for label-free, multiplexed miRNA detection, by combining the 

multiplexing capability of metallic striped nanorods with high sensitivity of conjugated 

polymers. Two miRNAs, miR-21 and miR-122, were chosen for the study because their 

diagnostic significance in cancers14, 16. In the initial study, it was found that hybridization 

of miRNA with capture DNA/polymer duplexes couldn’t produce fluorescence signal as 

significant as DNA, which was attributed to different binding forms of polymers to 

miRNA/DNA duplexes and DNA/DNA duplexes as confirmed by circular dichroism (CD) 

spectra study. A competitive hybridization assay was developed to compensate the weaker 

fluorescence responses of polymer-RNA-DNA complexes for detection of miRNA, where 

DNA was used to compete with miRNA to bind to capture DNA/polymer duplexes. The 
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optimized length of DNA competitor was determined and the assay performance was 

investigated. Finally, a 2-plex miRNA detection was demonstrated on the Au/Ag striped 

nanorods. 

6.2 Experimental Sections 

6.2.1 Materials 

    Cationic polythiophene derivatives were prepared according to the published 

procedure.40, 41 Au/Ag striped nanorods patterned with  01010 and 011110 (0 represented 

a 1-μm segment of Au and 1 represents a 1-μm segment of Ag) were synthesized 

following the literature.45, 46 All the nanorods were pre-coated with a layer of 20-nm silica 

and the surfaces were functionalized with amino group by (3-aminopropyl) 

trimethoxysilane (APTMS).47 Sulfo succinimidyl 4- [N-maleimido methyl] 

cyclohexane-1-carboxylate (sulfo-SMCC) was purchased from Pierce (Rockford, IL). 

MiR-21 and miR-122, and all other DNA oligonucleotides were purchased from 

Integrated DNA Technologies (Coralville, IA). The sequences of miRNA and DNA used 

in this chapter were listed in Table 6.2. Upon receipt of thiolated DNA, the disulfide was 

cleaved with 100 mM dithiothreitol (DTT) and purified with a micro bio-spin 30 column 

from Bio-Rad (Hercules, CA). 

6.2.2 MiRNA detection in the solution using conjugated polymers 

    For direct miRNA detection, 15 µL of conjugated polymers (~7.5 x10-4 M on a 

repeat unit basis) was added to 100 µL of 10 mM PB (pH 7.0) buffer solution, followed 

by the addition of 5 µL of 100 µM capture probes, and the mixture was kept at room 

temperature for 30 min to form polymer/DNA dupelxes. For hybridization, appropriate 

miRNA target was added to the duplex solution and incubated at 37 oC for 1 hr. 

    For competitive miRNA detection, polymer/capture DNA duplexes were prepared as 

described above. For competitive hybridization, 5 µL of 100 µM complementary DNA 

and appropriate miRNA target were added simultaneously to compete to bind to the 

duplexes.  
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6.2.3 Mutiplexed miRNA detection on nanorods 

    Amino-functionalized nanorods (~4 x 107 particles) were washed twice with 10 mM 

CHES (pH 9.0) buffer, followed by resuspending in 400 μL of CHES buffer containing 1 

mg of sulfo-SMCC (fresh prepared). The reaction mixture was vortexed for 1 h. After 

washed twice with CHES buffer and twice with PB buffer, the particles were resuspended 

in 400 μL of PB buffer. At the same time, 30 µL of conjugated polymers (~7.5 x10-4 M 

RU) was mixed with 40 µL of 14 µM thiolated capture probes for 30 min to form 

polymer/ssDNA duplexes. The duplex solution was added to the nanorod solution and 

votexed for 2 hr. After being washed twice with PB buffer, the particles were 

ressuspended in 400 µL of PB buffer. For competitive hybridization, 10 µL of duplex 

bound nanorods was added with 5 µL of complementary DNA and 5 µL of appropriate 

miRNA, and the mixture was vortexed at 37 oC for 1 hr. 

    For multiplexed miRNA assays, two ploymer/capture probe duplexes for miR-21 

and miR-122 were attached to the nanorods of specific pattern, respectively. Then 

aliquots of two capture DNA/polymer duplex bound nanorods (10 µL each) were 

incubated with 10 μL of DNA mixture and 10 µL of the appropriated mixed target 

miRNA (1 µM each). In all cases, the particle mixture was vortexed at 37 oC for 1 hr. 

6.2.4 Instrumentation 

   All the UV-Vis absorption spectra were measured using a Hewlett-Packard (model 

8453) spectrophotometer in a quartz cuvette with an optical path of 1.0 cm.  

   All the fluorescence spectra were recorded on a PerkinElmer (model LS 50B) 

Luminescence Spectrometer. The excitation wavelength was set at 420 nm with excitation 

slit width at 15 nm and emission slit width at 20 nm.  

   The circular dichroism (CD) spectra were measured with a Jasco J-600 

spectropolarimeter (Japan Spectronic Co., Ltd.) in a 10-mM PB solution. The 

measurements were made at 45 oC, between 190 nm and 600 nm, in a cylindrical quartz 

cell with path length of 1 cm. Each spectrum was the sum of 10 accumulations. The 

bandwidth of was set at 1.0 nm, the sensitivity at 5 mdeg, the response time at 1 sec, the 

scanning speed at 500nm/min, and the step resolution at 1 nm. 

   A Zeiss Axivert 35 inverted fluorescence microscope was used for optical imaging. 
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The microscope was equipped with a brightfield reflectance filter set (Chroma, D495/40x, 

Q660DCLP dichroic, and 0.3 ND) for reflectance imaging of nanorods, and a 

fluorescence filter set (Chroma, D405/40x excitation, Q460DCLP dichroic, and 

HQ510/50m emission) for fluorescence imaging of conjugated polymer. Samples were 

prepared by first dropping 10 μL of sample solution onto a glass slide.  The nanorods 

were allowed to settle to the bottom of glass slide for at least 2 min, followed by placing a 

coverslip atop. All images were taken using a 63 X oil immersion lens. Image J analysis 

software (NIH) was employed to quantify fluorescence intensity of conjugated polymer 

on the nanorods. Briefly, 5-10 nanorods were randomly selected from fluorescence image 

and analyzed with Image J to yield the histogram value of each nanorod, which was then 

averaged to generate mean fluorescence intensity was generated after subtracting 

background value. The error bars reported were 95% confidence interval.    

6.3 Results and Discussion 

6.3.1 Direct detection of miRNA in solution  

Direct detection of miRNA in solution using cationic polythiophene derivatives was 

carred out in a similar manner to the detection of DNA, as shown in Scheme 6.1:  the 

capture probe for miRNA was first mixed with cationic polymers stoichiometrically on a 

repeating-unit basis to form polymer-ssDNA duplexes, a species with weak fluorescence. 

When the target miRNA was added to duplex solution, hybridization took place that 

formed polymer/DNA/miRNA triplexes. Meanwhile, the polymer underwent 

conformational changes and the changes in fluorescence signals would be expected. 

MiR-21 (22 mer) was chosen as model miRNA because miR-21 had been shown to be 

related to many cancers, such as breast, liver, ovarian, pancreatic and brain tumor, where 

expression levels of miR-21 had been found to be elevated compared to their respective 

normal tissues.14, 48-51  

Figure 6.1 showed the detection of 1 µM of miR-21 in solution. In contrast to 

expectation, when the miRNA target was added to the polymer/capture DNA (P-21) 

duplex solution for hybridization, the fluorescence intensity measured was only slightly 

stronger than that from the control where noncomplementary miRNA was introduced 

(Figure 6.1 A-a, b). It was 4.3 fold lower than what was observed when a complementary 
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DNA (D-21) was added, (Figure 6 A-c). The UV-Vis spectra of both systems also showed 

significant differences (Figure 6.1 B), the polymer/miRNA/DNA triplexes showed a 

much broader absorbance peak, and their absorbance peak (λmax = 455 nm) was in 

between polymer/ssDNA duplexes (λmax = 525 nm) and polymer/dsDNA triplexes (λmax = 

423 nm). The results from fluorescence and UV-Vis characterization suggest that 

hybridization of miRNA to polymer/ssDNA did induce polymers to undergo certain but 

incomplete conformational change.  

To understand how the polymers bind to miRNA/DNA duplexes and how such 

binding would affect the fluorescence output of polymers, CD spectra of polymer/dsDNA 

triplexes and polymer/miRNA/DNA triplexes were measured, as shown in Figure 6.2. 

For the polymer/dsDNA triplexes, CD spectrum showed significant absorbance at 450 nm, 

indicating a right-hand helical orientation of polymer backbone,40, 52 which was consitent 

with the proposed model in which polymer was wrapping around the helix dsDNA upon 

binding. In contrast, for polymer/miRNA/DNA triplexes, the right-hand helical 

conformation of polymer was much weaker based on the very low absorbance at 450 nm 

in CD spectrum. A careful exam of the 190-300 nm region showed that polymer/dsDNA 

triplexes displayed a typical profile for B-form helix structure of dsDNA, while 

polymer/miRNA/DNA triplexes showed a profile of miRNA/DNA close to A-form.53, 54 

Generally, the major groove of A-form helix is slight narrower than that of B-form, while 

the minor groove of is clearly wider. The fatter A-form helix is suspected to result in 

loose-binding of polymer with less confined structures for fluoresecence emission. The 

absorbance ratio at 450 nm between polymer/dsDNA and polymer/miRNA/DNA triplexes 

is found to be 4.5, which is very close to the ration of fluorescence intensity between two 

species (Figure 6.1 A) 

6.3.2 Competitive detection of miRNA in solution  

    The lower fluorescence output of polymer/miRNA/RNA duplexes makes direct 

miRNA detection a nonpracticed task. To compensate the weaker fluorescence responses 

of polymer-RNA-DNA complexes for miRNA detection, complementary DNA sequence 

was used to compete with miRNA for binding to capture DNA/polymer duplexes. 

Scheme 6.2 illustrated the detection strategy of the competitive method. Polymer/capture 

DNA duplexes were prepared first, followed by incubating with a mixture of 
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complementary DNA and miRNA. The presence of target miRNA would result in a 

reduced number of polymers/dsDNA triplexes formed, hence a low fluorescence signal 

measured. However, when the tatget miRNA was absent, all polymer/ssDNA duplexes 

changed to polymers/dsDNA triplexes with strong fluorescence. 

    The initial attempt was unsuccessful, when a DNA (D-21) with sequence fully 

complementary to capture probe was used. Figure 6.3 showed 170 nM of polymer/P-21 

duplexes was mixed with 170 nM of D-21, wherr miR-21 in the mixture varied from 

1-1000 nM. Between the concentration from 1 to 200 nM, there was little change in the 

fluorescence intensity in the solution, compared to the control where only D-21 was 

added. A slight decrease in fluorescence intensity was observed until the concentration of 

miR-21 was increased to 1000 nM,but still much higher than that only added miR-21 

(without D-21).  

    To quantitatively confirm the unfavor higher binding affinity of dsDNA than 

miRNA/DNA, the thermodynamic parameters of the two systems were measured. As 

shown in Figure 6.4(A), the melting curves of dsDNA than miRNA/DNA duplexes 

revealed that dsDNA duplexes dissociate at approximately 3 oC higher than miRNA/DNA 

duplexes, indicating more stable structure. The binding constants (Ka) were further 

derived from concentration-dependent melting studies55-57, by graphing 1/Tm (Melting 

temperature) as a function of concentration according to the following equation: 
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where R is the gas constant, and Ct is the total concentration of single stranded DNA and 

miRNA. The enthalpy (ΔHo) and entropy (ΔSo) were determined from the slope and y- 

intercept, respectively. Then free energy (ΔGo) and binding constant (Ka) was determined 

according to the following equations: 

ΔGo = ΔHo – T ΔS 

RT
G

a

o

eK
Δ

−
=     

The plots of 1/Tm as a function of concentration (ln(Ct)) for dsDNA duplexes, 

miRNA/DNA dupelxes were shown in Figure 6.4(B), and the thermodynamic data of 

them were summarized in Table 6.3. dsDNA duplexes have a binding constant of 5.04 x 

108 M, about 2.5 fold higher than that of miRNA/DNA duplexes. 
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For competitive assay, a comparable binding affinity is essential to ensure a sensitive 

study. To reduce the binding affinity of DNA to DNA, DNA with shorter sequence was 

used. Complementary DNA with the length ranging from 12-mer to 18-mer (D-21(12), 

D-21(15, and D-21(18)) were chosen for study. Figure 6.5(A) showed the melting curves 

of three sequences in duplex form. As expected, all three strands showed lower Tm than 

miRNA, with the shortest one (D-21(12)) was the least stable helix. 

    While the least stable DNA-DNA duplexes would be perfect in competitive assay, 

the fluorescence intensity in polymer-dsDNA form also decreased with the decreasing of 

length of strands (Figure 6.5 B). The significantly decreased fluorescence output form 

D-21(12)/P-12 makes it not suitable for futher optimization. 

    The competitive performance of D-21(15) and D-21(18) with miR-21 to bind to 

polymer/P-21 duplexes was studied in Figure 6.6. As expected, both of them 

demonstrated a decrease of fluorescence intensity with the increase of concentration of 

miRNA, indicating the competitive binding between the DNA and RNA. However, for 

D-21(18), fluorescence intensity decreased at the concentration of miRNA up to 30 nM, 

higher than that for D-21(15) which was at 10 nM. This is due to the higher binding 

affinity of D-21(18) to P-21 than that for D-21(15). Therefore, D-21(15) was chosen as 

optimal length of DNA in the competitive detection of miR-21. 

The assay sensitivity of competitive detection of miR-21 in solution was then 

investigated using D-21(15) for competition. The fluorescence intensity was measured as 

a function of the concentration of miR-21 in solution, as shown in Figure 6.7. The 

background signal from polymer/P-21 duplexes incubated only with D-21(15) was plotted 

in red. The linear dynamic range of the assay spans from 5 to 1000 nM. The limit of 

detection (LOD) for miR-21, defined as 3σ (standard deviation) below the background, 

was calculated to be 6.34 nM. 

Similar strategy was used to determine the optimal length of DNA for the 

competitive detection of 23-mer miR-122. As shown in Figure 6.8, by comparing the 

fluorescence output of those DNAs in the triplex forms and their competition 

performance with miR-211, a 16-mer complementary DNA, D-122(16), was chosen.     

6.3.3 Multiplexed miRNA detection on Au/Ag striped nanorods 

    After successfully demonstrating conjugated polymers based label-free miRNA 
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detection using a competitive method in solution phase, we sought to incorporate this 

detection mechanism with Ag/Ag striped nanorods for multiplexed miRNA detection. The 

detection strategy was shown in Figure 6.9: capture probes were first mixed with 

polymers to form the polymer/ssDNA duplexes and were attached to the nanorods of 

specific pattern. Then nanorods were mixed with complementary DNA and appropriate 

miRNA targets. At the presence of miRNA target, miRNA would compete with DNA to 

bind to the corresponding probes on the nanorods to form polymer/miRNA/DNA 

triplexes with weaker fluorescence (Figure 6.9 b). However, if the target miRNA was 

absent, only polymer/dsDNA triplexes were formed with strong fluorescence (Figure 6.9 

d).    

    To determine the detection limit of the described assay platform, the fluorescence 

intensity of each nanorod was measured as a function of the concentration of miR-21 in 

solution. As expected, representative fluorescence images showed a significant decrease 

of fluorescence intensity as the concentration of miR-21 increased (Fig 6.10). The 

fluorescent count per pixel was calculated by averaging the pixel intensity across the 

particle surface using Imaging J and was plotted against the miR-21 concentrations from 

0.1 nM to 10,000 nM. The background signal from the particles incubated with 0 nM 

miR-21 was plotted in red. It is clear that the linear dynamic range of the assay spans 

across 4 orders of magnitude. The limit of detection (LOD), was calculated to be 1.26 nM. 

This detection limit translated to 12.6 fmol of miRNA molecules in 10 µL of assay 

volume, which was comparable with other competitive method using bioluminescence.21 

    Simultaneous detection of multiple miRNAs in a single test reduces sample 

consumption and increases the diagnostic confidence and accuracy. In the initial study to 

investigate the capability of using fluorescent conjugated polymers in conjunction with 

metallic striped nanorods for simultaneous detection of miR-21 and miR-122, nanorods of 

two distinct striping patterns, 011110 and 01010, were individually attached with 

polymer/CP-21 and polymer/CP-122 duplexes, respectively. Two types of nanorods were 

then mixed at equal ratios and incubated with various sample solutions containing 

different combination of D-21(15), D-122(16), and target miRNAs (1μM each). Four tests 

were conducted in which the sample solutions contained none, miR-21 only, miR-122 

only, or both two miRNA molecules. After competitive hybridization, the nanorods were 
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placed under the microscope to collect corresponding reflection and fluorescence images 

(Figure 6.11). In all reflectance images, the striping patterns of the nanorods were clearly 

recognizable that allowed identification of the capture probes on the surface. The 

fluorescence signal from each particle was measured and averaged for the particles of the 

same striping pattern. Direct comparison of the reflectance images and the fluorescence 

images show that in all cases significant decrease of fluorescence was only observed from 

the nanorods attached with the capture probes specific to the target miRNA present in the 

incubation solution. Strong fluorescence was observed from the nanorods whose target 

miRNA was absent. For example, after the nanorods were incubated with a solution 

contained miR-21 only, only the polymer/CP-21 duplex bound nanorods (011110) 

displayed very weak fluorescence while the other type of nanorods (01010) showed 

strong signal (Fig 6.11 b, f).  Similarly, when the particle mixture was incubated with a 

solution containing miR-122, only the polymer/CP-122 duplex bound nanorods (01010) 

displayed weak fluorescence while the other type of nanorods (011110) showed strong 

signal (Fig 6.11 c, g).  Both two types of nanorods displayed weak fluorescent signals 

when both miR-21 and miR-122 were present in the solution (Figure 6.11 d, h), while 

strong fluorescent signal was measurable when both miR-21 and miR-122 were absent 

(Figure 6.11 a, e). A quantitative plot of the fluorescent intensity from each type of the 

nanorods in different tests was also given in Figure 6.11. Unambiguous detection of the 

presence of target miRNA was clear where the positive readout was at least 3.5 folds less 

intense than that of the control, showcasing the successful multiplexed miRNA detection 

with essentially complete selectivity.  

6.4 Conclusions 

    In conclusion, direct detection of miRNA using fluorescent conjugated polymers in a 

similar manner as DNA detection was unsucessful, due to the lower fluorescence intensity 

of hybridized polymer/miRNA/DNA triplexes. CD spectra of the triplexes suggested that 

polymers bound to miRNA/DNA duplexes in a way different from that to dsDNA. This 

difference might result in the low fluorescence output. To circumvent the limitation, a 

competitive detection method was proposed in which miRNA competed with DNA to 

hybridize with polymer/capture-DNA duplexes, where the presence of miRNA resulted in 

a reduction of fluorescence in the backgroud. A 15-mer DNA was determined as optimal 
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length for the competitive detection of 22-mer miR-21. The conjugated polymer based 

competitive detection strategy was integrated with metallic striped nanorods for 

multiplexed detection of miRNA. Detection sensitivity at 1.26 nM of miR-21 on nanorods 

was demonstrated, corresponding to 12.6 fmol of miRNA molecules in a 10 µL assay 

volume. Simultaneous detection of miR-21 and miR-122 was also demonstrated with high 

selectivity. 
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Schemes 
 

Scheme 6.1 Schematic illustration of direct detection of miRNA using fluorescent 
conjugated polymers in solution 
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Scheme 6.2 Schematic illustration of competitive detection of miRNA, DNA was used to 
compete with miRNA to bind to polymer/ssDNA duplexes 
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Tables 
 

Table 6.1 Select microRNAs (miRNAs) and their connection with diseases 
 

MiRNA Up or down regulated Associated disease Ref. 
miR-15a, miR-16-1 Downregulated B-cell chronic lymphocytic leukemia 9 
miR-143, miR 145 Downregulated Breast, cervical, lymphoid cancer 10 

miR-206 Downregulated Estrogen receptor α-positive breast cancer 11 
miR-373, miR-502c Upregulated Breast cancer 12 

miR-184 Upregulated Prostate cancer 13 
miR-21 Upregulated Breast cancer 14 

miR-146a Upregulated Alzheimer’s disease 15 
MiR-122 Downregulated Liver cancer 16 
miR-155 Upregulated Acute myeloid leukemia 17 
miR-103 Upregulated Pancreatic cancer 18 

miR-205, miR-200b Upregulated Lung cancer 18 
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Table 6.2 Summary of miRNA and DNA used in this Chapter 

 

Name Sequence Description 
miR-21 5’UAG CUU AUC AGA CUG AUG UUG A MicroRNA-21 

miR-122 5’UGG AGU GUG ACA AUG GUG UUU GU MicroRNA-122 
P-21 5’TCA ACA TCA GTC TGA TAA GCT A Capture probe to miR-21 
D-21 5’TAG CTT ATC AGA CTG ATG TTG A Complementary to  CP-21 

D-21 (18) 5’TTA TCA GAC TGA TGT TGA Complementary to CP-21(18 mer) 
D-21 (15) 5’TCA GAC TGA TGT TGA Complementary to CP-21(15 mer) 
D-21(12) 5’GAC TGA TGT TGA Complementary to CP-21(12 mer) 

P-122 5’ACA AAC ACC ATT GTC ACA CTC CA Capture probe to miR-122 
D-122 (18) 5’TGT GAC AAT GGT GTT TGT Complementary to CP-122(18 mer) 
D-122 (16) 5’TGA CAA TGG TGT TTG T Complementary to CP-122(16 mer) 
D-122 (15) 5’GAC AAT GGT GTT TGT Complementary to CP-122(15 mer) 

CP-21 5’TCA ACA TCA GTC TGA TAA GCT ATT 
T15-SH 

Capture probe to miR-21, 
immobilized to 011110 

CP-122 5’ACA AAC ACC ATT GTC ACA CTC CAT 
T15-SH 

Capture probe to miR-122, 
immobilized to 01010  
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Table 6.3 Thermodynamic values of miRNA/DNA and dsDNA duplexes 

 

 ΔHo (kcal/mol) ΔSo  [cal/(mol.K)] ΔGo
298 (kcal/mol) Ka298 (M-1) 

miRNA/DNA -90.04±2.98 -264.16±8.64 -11.32±0.41 2.05 x 108 

dsDNA -84.68±4.17 -244.29±11.88 -11.88±0.63 5.04 x 108 
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Figure 6.1 Fluorescence (A) and absorption (B) spectra of polymer-ssDNA duplexes (a), 
polymer/miRNA/DNA triplexes (b), and polymer/dsDNA triplexes (c) 
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Figure 6.2 Circular Dichroism spectra of polymer/dsDNA triplexes (a), and polymer/ 
miRNA/DNA triplexes (b). 
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Figure 6.3 Competitive detection of miR-21 using miR-21 and D-21 that competed to 
bind to polymer/P-21 duplexes. A mixture of polymer/P-21 duplexes (170 nM), D-21 

(170 nM), and varied concentration of miR-21 was incubated at 37 oC for 1 hr.  
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Figure 6.4 (A) Melting curves of 5 µM miR-21/P-21 duplexes (a), and 5 µM D-21/P-21 

duplexes (b) in 10 mM PB buffer, melting temperature (Tm ) was determined at α=0.5. (B) 
Thermodynamic analysis of concentration-dependent melting data for miRNA/DNA (a) 

and dsDNA duplexes (b) 
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Figure 6.5 (A) Comparison of melting curves of miR-21/P-21, D-21/P-21, D-21(18)/P-21, 
D-21(15)/P-21, and D-21(12)/P-21 duplexes.  (B) Fluorescence spectra of polymer/P-21 

duplexes (a), polymer/ miR-21/P-21tripelxes (b), polymer/D-21/P-21tripelxes (c), 
polymer/D-21(18)/P-21triplexes (d), polymer/D-21(15)/P-21tripelxes (e), and 

polymer/D-21(12)/P-21 triplexes (f) 
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Figure 6.6 Competition performance of D-21(18) and D-21(15) with miR-21 to bind to 
polymer/P-21 duplexes. A mixture of polymer/P-21 duplexes (170 nM), DNA (170 nM), 

and varied concentration of miR-21 was incubated at 37 oC for 1 hr. 
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Figure 6.7 Sensitivity of competitive detection of miR-21 in solution. A mixture of 

polymer/P-21 duplexes (100 nM), D-(15) (100 nM), and varied concentration of miR-21 
was incubated at 37 oC for 1 hr. 
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Figure 6.8 Determination of short stand of DNA for competitive detection of miR-122. 
(A) Fluorescence spectra of (a) polymer/P-122 duplexes, (b) polymer/P-122/miR-122 

triplexes, (c) polymer/P-122/D-122(18) triplexes, (d) polymer/P-122/D-122(16) triplexes, 
and (e) polymer/P-122/D-122(15) triplexes.  (B) Competition performance of D-122 
(18), D-122 (16), and D-122(15) with miR-122 to bind to polymer/P-122 duplexes. A 

mixture of polymer/P-122 duplexes (100 nM), DNA (100 nM), and varied concentration 
of miR-122 was incubated at 37 oC for 1 hr. 
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Figure 6.9 (Top) Schematic illustration of competitive detection of miRNA on Au/Ag 
striped nanorods using fluorescent conjugated polymers. (Bottom) Reflectance (a, c) and 
fluorescence images (b, d) of CP-21/polymer duplex bound nanorods at the presence of 
target miRNA, miR-21(a, b), and non-complementary miRNA, miR-122 (c, d). Scale 

bars in the images = 5 μm. 
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Figure 6.10  (Top) Fluorescence images of polymer/CP-21duplexe bound nanorods 

incubated with D-21(15)  and miR-21 of the concentration ranging from 0.1 to 10,000 
nM (Scale bar = 5 μm). (Bottom) The quantitative plot of fluorescence signal intensity 

against the concentration of miR-21.  The straight line is a linear fitting of the data 
collected between 0.1 and 10,000 nM. The control sample where miR-21 was absent was 

plotted in red. 
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Figure 6.11 (Top) Corresponding reflectance (a-d) and fluorescence (e-h) images of the 

mixture of two polymer/capture DNA duplex-bound nanorods incubated with no 
miRNA(a, e), miR-21 only (b, f),  miR-122 only(c, g), and both miR-21 and miR-122 (d, 

h).  The concentration of each target miRNA was kept constant at 1 μM in all assays. 
(Scale bars = 5 μm).  (Bottom) Quantitative detection of multiple miRNAs.  
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CHAPTER 7 Multiplexed Detection of Protein Cancer Markers on 

Au/Ag stripped Nanorods Using Fluorescent Conjugated Polymers  

7.1 Introduction 

    Recent progress in genomics and proteomics has clearly shown that the ability to 

conduct sensitive, rapid, and selective detection of multiple protein biomarkers in parallel 

is essential to disease diagnosis and prognosis.1-3 In particular, early stage detection of 

many cancerous diseases requires distinct pattern recognition of various biomarkers to 

identify at-risk individuals with adequate confidence.4-6 To this end, a great number of 

platforms that allow simultaneous monitoring of protein expression levels have been 

developed using protein microarrays7-8, fluorescently encoded microspheres9, 

microfluidic10-12, nanowire arrays13, microcantilevers14, and metallic or semiconducting 

material-based nanoparticles15. For example, the protein microarray assays are based on 

the immobilization of multiple antibodies on solid supports followed by optical or 

radioactive detection. The fluorescently encoded microspheres based assays consist of 

microspheres of different sizes, surface modification, and fluorescent dyes to 

simultaneously measure and quantify multiple analytes on flow cytometer or microscope. 

And the mircofluidic devices are sophisticatedly constructed platforms comprising 

microchannels for sample handling procedures. For most of the above multiplexed assay 

platforms, optical methods, including colormetric, fluorescence, or chemiluminescence 

readouts, are the donimant detection techniques, where additional chemical reactions or 

analyte-labeling steps are often required.  

    Metallic striped nanorods have emerged as a promising substrate for multiplexed 

detection of protein biomarkers.16, 17 In most cases, the particle surfaces are 

pre-functionalized with the capture antibodies of interest, followed by binding to the 

corresponding target molecules pre-modified with or without specific transducer tags.  

In the latter case, an additional step is needed to expose the particles carrying formed 

complexes to a secondary antibody-a detection probe loaded with tags-before subsequent 

signal readout.  Under either scenario, an important factor governing the achievable 

detection limit is the amount of transducer tags conjugated to each target molecule or the 

secondary antibody. While a higher upload of tags is desirable to improve detection 
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sensitivity, excess chemical modification on the surface of biomolecular targets or the 

antibody probes inevitably leads to protein conformational changes, which are often 

accompanied by decreased binding affinity and increased nonspecific interaction. As such, 

assays reported to date based on direct labeling of organic fluorophores onto protein 

probes/targets are often not sensitive enough to address the occurrence of low viral-load 

infectious diseases.18  

    The use of novel optical probes, such as fluorescent conjugated polymers, brings 

promises to overcome some of the challenges in the detection of multiplexed assay 

platforms.19-21 Among many forms of cationic conjugated polymers reported, cationic 

conjugated polythiophene derivatives are of particular interest for their 

conformation-dictated optical signatures, which have been successfully incorporated as 

label-free probes for the detection of many biomolecules, such as DNA or protein, with 

high sensitivity and selectivity.22-25 

    In the previous chapters, I have successfully demonstrated the use of cationic 

conjugated polythiophene derivatives in conjunction with metallic striped nanorods for 

label-free, multiplexed DNA and miRNA detection.27 In this chapter, I sought to expand 

the assay concept to multiplexed protein detection, by combining the multiplexing 

capability of metallic striped nanorods with high sensitivity of conjugated polymers. To 

use conjugated polymers as transducers for specific protein binding event, I introduced 

DNA molecules as the bridging molecules to protein detection probes as used in many 

immuno-PCR assay platforms.26, 27 The antigen protein binding event was revealed by 

electrostatic binding of cationic polythiophene derivatives onto the negatively charged 

dsDNA tagged onto a secondary antibody probe prior to antigen recognition. Three 

cancer markers, prostate specific antigen (PSA, prostate cancer marker), 

carcinoembryonic antigen (CEA, colorectal cancer marker), and β-human chorionic 

gonadotropin (βhCG, testicular cancer marker), were used as the model molecules to 

examine assay performance.  

7.2 Experimental Sections 

7.2.1 Materials 

Cationic fluorescent conjugated polymers used in this study, 
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poly(1H-imidazolium-1-methyl-3-{2-[(4-methyl-3-thienyl)oxy]ethyl}bromide), were 

prepared according to the published procedure.28, 29 Au/Ag striped nanorods patterned 

with 000100, 01010 and 011110 (0 represented a 1-μm segment of Au and 1 represents a 

1-μm segment of Ag) were synthesized following the literature.30, 31 All the nanorods 

were pre-coated with a layer of 20-nm silica and the surfaces were functionalized with 

amino group by (3-aminopropyl) trimethoxysilane (APTMS). Capture monoclonal 

antibody and detection polyclonal antibody pairs specific to prostate specific antigen 

(PSA), carcinoembryonic antigen (CEA), and human chorionic gonadotropin (hCG), as 

well as PSA, CEA, βhCG, and bovine serum were purchased from Biodesign (Saco, MA). 

Streptavidin, bovine serum albumin (BSA) and 25 % glutaraldehyde were purchased from 

Sigma Aldrich (St. Louis, MO).  Sulfo-NHS-biotin was obtained from Pierce (Rockford, 

IL). Biotinylated ds-DNA (5’-biotin-AAA TAA CAA TAA TCC CTC GAG CG, and 

5’-CGC TCG AGG GAT TAT TGT TA) was purchased from Integrated DNA 

Technologies (Coralville, IA). All materials were used as received unless otherwise 

specified in the text.  

7.2.2 Preparation of detection antibody-(dsDNA)n complexes 

    dsDNA was pre-tagged onto the detection antibody based on biotin-streptavidin 

interaction. Specifically, biotinylated antibody probes were prepared by mixing 20 μL of 

5 mg/mL detection antibody, 4 μL of 1.4 mg/mL sulfo-NHS-biotin, 5 μL of 1.0 M 

Na2CO3/NaHCO3 reaction buffer (pH 9.0), and 21 μL of H2O. The mixture was stirred for 

2 hr at room temperature. The product was purified using a micro bio-spin 6 column from 

Bio-Rad (Hercules, CA), and the concentration of the final protein solution was 

determined by the UV absorbance at 280 nm and was adjusted to 0.4 mg/mL as the stock 

solution. Following the reaction, 15 μL of 0.4 mg/mL as-prepared biotinylated antibody, 

20 μL of 0.1 mg/mL streptavidin, and 453 μL of PBS buffer (10 mM, pH 7.4) was mixed 

and stirred for another 2 hr. The mixture was then added with 12 μL of 10 μM 

biotinylated ds-DNA and stirred for additional 2 hr to yield a solution of 

antibody-(dsDNA)n complexes. The products were stored at 4 oC and used in subsequent 

assays without further purification. 
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7.2.3 Immobilization of capture antibody onto nanorods   

    Amino-functionalized nanorods (~ 4 x 107 particles) were washed twice with 400 μL 

of PBS, followed by resuspending in 240 μL of PBS and 160 μL of 25% glutaraldehyde. 

The reaction mixture was vortexed for 2 hr. After three washed with 400 μL of PBS each, 

the particles were resuspended in 400 μL of PBS. 20 μL of 1 mg/mL appropriate capture 

antibody in PBS was added to the solution, followed by gentle vortexing for 3 hr. To 

block the unreacted sites on the particle surface, 400 μL of 0.1% BSA/PBS (v/v %) was 

added to the mixture after another three washes with PBS. Additional 1hr incubation was 

carried out under gentle vortexing before the final three washes with PBS. The capture 

antibody-coated particles were resuspended in 400 μL of 0.1% BSA/PBS and stored at 4 
oC. Three types of nanorods with striping patterns of 000100, 01010 or 011110 were 

coated with monoclonal capture antibodies for PSA, CEA and βhCG, respectively.  

7.2.4 Protein marker detection on nanorods   

    A stock solution of the selected antibody-bound nanorods (30 μL) was washed twice 

with 30 μL of PBS, followed by adding 30 μL of the corresponding antigen solution. The 

concentration of the antigen tested was diluted from a stock solution of 10 µg/mL to 0, 

0.1, 1, 10, 100, 1000 and 1x104 ng/mL in PBS. In multiplexed protein detection, aliquots 

of three stock solutions of the capture antibody-bound nanorods (10 µL each) were mixed 

and washed twice with PBS. The particle mixture was then incubated with 30 μL of the 

appropriated mixed target antigen solution in PBS (100 ng/mL each). In all cases, the 

particle mixture was allowed to incubate with antigen molecules for 1 hr under gentle 

vortexing at room temperature. The particles were then washed twice with 0.1% tween 20 

in PBS (PBST) and resuspended in 30 μL of 10 μg/mL detection antibody-(dsDNA)n 

complexes (30 μL of a mixture of three detection antibody-(dsDNA)n complexes at 10 

μg/mL each in the case of multiplexing assays) for an additional 1 hr.  After additional 

two washes in PBST and two washes in 10 mM phosphate buffer (PB, pH 7.4), the 

particles were incubated with 30 μL of 25 μM (in repeated unit) cationic conjugated 

polymers in PB for 30 min unless otherwise specified. The particles were then washed 

twice with 0.1% tween 20 in 10 mM PB (PBT), and resuspended in 30 μL of 10 mM PB 

for imaging analysis. 
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7.2.5 Cancer markers detection in serum 

    Bovine serum was used to mimic the complex biological environment. The target 

antigen(s) was spiked into undiluted bovine serum. The assay was initiated by adding 30 

μL of bovine serum samples containing certain antigen molecules at certain 

concentrations (specified in the text) into a solution of capture antibody-bound nanorods. 

The subsequent steps were carried out under the conditions similar to the one described 

above.  

7.2.6 Imaging and data analysis 

    Approximately 10 μL of the nanorod solution was dropped onto a glass slide and the 

particles were allowed to settle down for at least 2 min before placing a cover slip atop. 

The particles settled on the slide were imaged with a Zeiss Axivert 35 inverted 

fluorescence microscope equipped with a bright-field reflectance filter set (Chroma, 

D495/40X, Q660DCLP dichroic, and 0.3 ND) for reflectance imaging of nanorods, and a 

fluorescence filter set (Chroma, D405/40X excitation, Q460DCLP dichroic, and 

HQ510/50M emission) for fluorescence quantification of conjugated polymers bound on 

nanorods. All images were taken using a 63X oil immersion lens. The fluorescence 

intensity in the unit of counts per pixel was quantified using Image J analysis software 

(NIH). In each image, approximately five to ten particles were counted, and fluorescence 

intensity from them was averaged.  

7.3 Results and Discussion  

    Cationic conjugated polythiophene derivates have been successfully used as the 

optical probe in label-free detection of DNA via electrostatic interaction.28, 29 Several 

sensing schemes have been introduced to expand this polythiophene-based detection 

method to protein analysis, such as via formation of aptamer-protein complexes23 or 

indirect detection of DNA-protein competitive binding33, both relying on the unique 

interaction between the protein target and certain DNA sequences. To ensure universal 

applicability of the sensing platform to most protein targets, I instead treated DNA 

molecules as the bridging molecules to bring conjugated polymers to protein detection 

probes as the “transducer tag”. Scheme 7.1 illustrated the overall detection strategy: the 
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nanorods were first functionalized with specific capture antibodies that recognize the 

target antigen. Upon capturing target molecules from the solution, the target-loaded 

nanorods were sandwiched by antibody-(dsDNA)n complexes that recognize another 

epitope on antigen. As the result, the particles were surrounded by negatively charged 

ds-DNA where the cationic fluorescent conjugated polymers would bind to form 

dsDNA/polymer triplexes. The formation of these triplexes on the particle surface yielded 

strong fluorescence upon excitation at 423 nm. In contrast, the absence of specific 

antibody-antigen recognition led to the lack of negatively charged dsDNA on the nanorod 

surface. In this case, the cationic conjugated polymer only bound nonspecifically to the 

particle surface; thus negligible fluorescence was observed. 

    In this experiment, PSA was chosen as the model protein for the concept of proof 

study because of its clinical significance as the tumor marker for prostate cancer34 and of 

its well-documented assay characteristics for performance comparison.35-37 PSA capture 

antibody was first bound to nanorods (000100), and the anti-PSA bound nanorods were 

exposed to the PSA antigen prepared in the 10 mM PB buffer, followed by the addition of 

detection antibody-(dsDNA)n complexes and cationic conjugated polymers. Figure 7.1 

showed the detection results for the 1 µg/mL of PSA antigen. As we can see, in the 

presence of PSA, strong fluorescence signal was observed from the nanorods (Figure 7.1 

d). However, when same concentration of nonspecific protein, BSA, was added, 

negligible fluorescence was observed from nanorods (Figure 7.1 b). Quantitatively, an 

8-fold increase in fluorescence signal intensity at the presence of PSA was measured to 

that of the control. The results indicated that conjugated polythiophene derivative was 

successfully used to detect specific protein binding on the nanorods. 

7.3.1 Assay performance of protein cancer marker detection on the nanorods  

    Assay sensitivity of the target molecules in this described approach is dictated by 

three primary factors: the percentage of immobilized antigen targets recognized by the 

secondary antibody-(dsDNA)n conjugates, the amount of dsDNA molecules conjugated to 

each secondary antibody, and the amount of conjugated polymers bound dsDNA. The 

first two factors have been well-studied in immune-PCR applications where the optimal 

DNA conjugating conditions were directly adapted in this assay26,27. To determine the 

optimal binding ratio of cationic conjugated polymers to protein-DNA conjugates, an 
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experiment was carried out by varying the concentrations of conjugated polymers 

incubated with nanorods from 10 to 50 μM (in repeat units).  Two sets of nanorods were 

used in this experiment: the first set went through the standard procedure, including 

capture antibody coating, antigen incubation (PSA, 1 µg/mL), and secondary 

antibody-(dsDNA)n binding. The second set as the control were incubated with the same 

capture probe and detection probe solutions without being exposed to the target analyte 

(i.e. 0 µg/mL of PSA). As shown in Figure 7.2, strong fluorescence intensities were 

observed from the nanorods incubated with PSA for conjugated polymers in the range of 

10 to 50 μM (Figure 7.2 d-f). Stronger fluorescence was also observed for the ones 

incubated with more concentrated polymers though the increase in fluorescence signals 

from 25 μM to 50 μM was miniscule. On the other hand, the background fluorescence 

from nonspecific adsorption displayed an obvious increase at high concentration of 

conjugated polymers (Figure 7.2 a-c). Balancing the needs for strong fluorescence with 

minimal background, 25 μM of polymer was chosen as the optimal concentration to be 

used in later assays. 

    To determine the detection limit of the described assay platform, the fluorescence 

intensity of each nanorod was measured as a function of the concentration of PSA in 

solution. As expected, representative fluorescence images showed a significant increase 

of fluorescence intensity as the concentration of PSA antigen increased (Figure 7.3 A). 

The fluorescence count per pixel was calculated by averaging the pixel intensity across 

the particle surface using Imaging J and was plotted against the PSA concentrations from 

0.1 to 1000 ng/mL. The background signal from the particles incubated with 0 ng/mL 

PSA was plotted in red. It is clear that the linear dynamic range of the assay spans across 

4 orders of magnitude with the physiologically relevant range of PSA in biological 

samples well covered. The limit of detection (LOD) for PSA, defined as 3σ (standard 

deviation) above the background, was calculated to be 0.16 ng/mL, which is well below 

the clinical diagnostic decision threshold of the presence of prostate cancer (PSA in serum 

at 4 ng/mL)38 and other recently reported immunoassay methods.39, 40 This detection limit 

is equal to 4.8 x 10-12 g in 30 µL of assay volume. And the molecular weight of PSA is 

about 34 KDa, therefore, the absolute detection limit of PSA in each assay is 1.4 x 10-16 

mole, which is equal to 8 x 107 molecules of PSA. Consider the number of nanorod 
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particles used in each assay is about 3 x 106, the detection of limit of PSA is calculated to 

be about 25 molecules per particle. 

    The detection sensitivity for another two cancer markers, CEA and βhCG, were also 

investigated by using anti-CEA and anti-βhCG bound nanorods of specific pattern, 

respectively. Similarly, drastically improved detection limit was achieved for CEA (0.21 

ng/mL, Figure 7.4) and βhCG (0.08 ng/mL, Figure 7.5).Both of the detection limits are 

well under the clinical threshold, which is 2.5 ng/mL for CEA and 3 ng/mL for βhCG. 41, 

42 

     It is important to note that the secondary antibody-(dsDNA)n conjugates are 

sufficiently stable to be prepared in advance and in bulk. The complexity of probe 

preparation, which is commonly used in preparation of detection probes for immuno-PCR 

applications, therefore becomes less troublesome. Conjugated polymers, however, had to 

be added in a separate step because of fluorescence quenching of secondary 

antibody-dsDNA-polymer conjugates over time. The additional step after formation of 

sandwich protein complexes is less ideal as it slows down assay throughput and adds 

additional assay steps. Nevertheless, the gained detection sensitivity from the use of 

conjugated polymers has compensated more than enough.  

7.3.2 Multiplexed caner markers detection on nanorods 

    Simultaneous detection of numerous cancer markers in a single test reduces sample 

consumption and increases the diagnostic confidence and accuracy. In the initial study to 

investigate the capability of using fluorescent conjugated polymers in conjunction with 

metallic striped nanorods for multiplexed detection of protein biomarkers, nanorods of 

three distinct striping patterns, 000100, 01010 and 011110, were individually derivatized 

with monoclonal anti-PSA, anti-CEA, and anti-βhCG, respectively. Three types of 

particles were then mixed at equal ratios and incubated with various sample solutions 

containing different combination of target antigens (100 ng/mL each). Four tests were 

conducted in which the sample solutions contained none, one, two, or all three target 

antigen molecules. After binding of secondary antibody-(dsDNA)n conjugates and 

polythiophene, the particles were placed under the microscope to collect corresponding 

reflection and fluorescence images (Figure 7.6).  In all reflectance images, the striping 

patterns of the particles were clearly recognizable that allowed identification of the 
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capture probes on the surface. The fluorescence signal from each particle was measured 

and averaged for the particles of the same striping pattern. Direct comparison of the 

reflectance images and the fluorescence images show that in all cases significant 

fluorescence was only observed from the nanorods coated with the capture antibody 

specific to the target antigen present in the incubation solution. Weak background was 

observed from the antibody-coated particles whose target molecule was absent. For 

example, after the particles were incubated with a solution contained βhCG only, only the 

anti-βhCG coated nanorods (011110) displayed strong fluorescence while the other two 

types of particles (000100, 01010) showed near background signal (Figure 7.6 b, f). 

Similarly, when the particle mixture was incubated with a solution containing CEA and 

βhCG, both anti-CEA and anti-βhCG-coated nanorods (01010 and 011110) displayed 

strong fluorescence. The anti-PSA-coated nanorods (000100) were the only type 

remained silent (Figure 7.6 c, g). All three types of nanorods displayed strong fluorescent 

signals when all three target antigens were present in the solution (Figure 7.6 d, h), while 

no fluorescence signal was measurable when all three target antigens were absent (Figure 

7.6 a, e). A quantitative plot of the fluorescent intensity from each type of the particles in 

different tests was also given in Figure 7.6. Unambiguous detection of the presence of 

target antigens was clear where the positive readout was at least 7 folds more intense than 

that of the background, showcasing the successful multiplexed cancer marker detection 

with essentially complete selectivity.  

    In reality, target molecules associated with certain diseases are present 

simultaneously but at very different expression levels. To further investigate the viability 

of the multiplexing scheme for the simultaneous detection of multiple cancer markers at 

different expression levels, assorted nanorods carrying three different capture antibodies 

for PSA, CEA and βhCG were mixed and then tested with a solution containing PSA, 

CEA, and βhCG of 10, 100, and 1,000 ng/mL, respectively. Figure 7.7 showed the result 

for simultaneous detection of these three antigens at different concentrations. As expected, 

anti-βhCG bound nanorods produced strongest fluorescence signal, followed by anti-CEA 

bound nanorods. Anti-PSA bound nanorods showed the lowest fluorescence intensity, 

with the numerical count similar to the previous readout when PSA was on the only target 

specie in solution (Figure 7.3), suggesting little detection crosstalk was observed for 
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three analytes detected.   

7.3.3 Detection of cancer markers in the serum samples 

    Cancer diagnosis demands analysis of actual biological samples, such as blood 

serum, with a complex biological matrix as the background. To this end, I use bovine 

serum to mimic complex biological matrix and investigated detection of PSA in undiluted 

bovine serum. Clinically a serum PSA measurement in the range 4-10 ng/mL is regarded 

as a significant probability of the presence of prostate carcinoma.38 Therefore, two bovine 

serum samples containing 1 and 10 ng/mL of PSA were prepared. Figure 7.8 showed that 

no appreciable fluorescent intensity was observed for plain bovine serum as the control, 

similar to that of the PBS buffer without PSA.  The observation confirms that there was 

little binding interference from serum matrix, despite that irrelevant protein molecules 

(such as albumin and hemoglobin) were present at > 7 µg/mL. Significant fluorescence 

intensity was observed for the bovine serum samples spiked with PSA: ~ 2 and 4 folds of 

increase in fluorescence signals to the background when PSA was at spiked at 1 and 10 

ng/mL, respectively.   

    The calibration curve for detection of PSA in bovine serum was also investigated. 

Figure 7.9 showed a detection limit of PSA in bovine serum as low as 0.08 ng/mL, which 

is similar to that in the standard PBS buffer.   

Multiplexed detection of cancer marker proteins in bovine serum was also conducted 

in parallel. Similarly, assorted nanorods carrying three different capture antibodies for 

PSA, CEA and βhCG were mixed and then tested with different combinations of target 

antigens diluted in bovine serum. Figure 7.10 showed the results of 6 different 

combinations of three target antigens. In each combination, the presence of target proteins 

in serum samples accurately displayed a positive signal with intense fluorescence that was 

clearly distinguishable from the low intensity background. These results again confirmed 

multiplexed detection of cancer markers with high selectivity, even in a complex 

biological medium such as bovine serum. 

7.4 Conclusions  

    In conclusion, the integration of cationic fluorescent conjugated polymer as a viable 

sensing tag with metallic striped nanorods for multiplexed detection of protein cancer 
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markers was successfully demonstrated. The Au/Ag striped nanorods provided a means to 

differentiate the capture antibodies immobilized on the surface; meanwhile the 

fluorescence signal of conjugated polymers binding to dsDNA tagged on the detection 

antibodies allowed quantification of immuno-reaction events. The use of dsDNA as the 

bridging molecules to bring conjugated polymers to a particle surface was shown to be 

universally applicable to different protein targets as long as a sandwich immunoassay 

format can be established. Detection sensitivity at ~ 25 PSA molecules per particle has 

been successfully demonstrated, corresponding to sub-clinical threshold detection of 

protein targets even with millions of particles being used in each assay.  The presence of 

a complex biological matrix, i.e. bovine serum, did not reduce assay performance, 

suggesting little binding interference from housekeeping protein molecules.   
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Schemes 
 

Scheme 7.1 A Schematic illustration of protein detection on Au/Ag striped nanorods 
using fluorescent conjugated polymers 
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Figures 
 

 
Figure 7.1 Reflectance (a, c) and fluorescence images (b, d) of anti-PSA bound nanorods 

at the presence of target protein PSA (c, d), and non-specific protein BSA (a, b). Scale 
bars in the images = 5 μm. 
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Figure 7.2 (Top) Fluorescence images of anti-PSA bound nanorods incubated with 10 (a, 
d), 25 (b, e), and 50 μM (c, f) conjugated polymers in the absence (a-c) and the presence 
(d-f) of 1μg/mL of PSA. Scale bar = 5 μm. All images were adjusted to the same intensity 

range.  (Bottom) A quantitative plot of fluorescence intensities (counts/pixel) as a 
function of polymer concentration. The image labels were placed atop the corresponding 

columns. 
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 Figure 7.3 (A) Fluorescence images of anti-PSA coated nanorods incubated with PSA of 

the concentration ranging from 0 to 10,000 ng/mL (a-g) (Scale bar = 5 μm). (B) The 
quantitative plot of fluorescence signal intensity against the concentration of PSA.  The 
straight line is a linear fitting of the data collected between 0.1 ng/mL and 1000 ng/mL. 

The control sample where PSA was absent was plotted in red. 
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Figure 7.4 Assay performance of CEA detection on the nanorods using fluorescence 
conjugated polymers. (Top) Fluorescence images of nanorods at the presence of CEA 

with concentration ranging from 0 to 1000 ng/mL (a-f), (Scale bar = 5 μm). (Bottom) A 
plot of fluorescence signal intensity against the concentration of CEA. 
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Figure 7.5 Assay performance of βhCG detection on the nanorods using fluorescence 
conjugated polymers. (Top) Fluorescence images of nanorods at the presence of βhCG 
with concentration ranging from 0 to 1000 ng/mL (a-f), (Scale bar = 5 μm). (Bottom) A 

plot of fluorescence signal intensity against the concentration of βhCG. 
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Figure 7.6 (Top) Corresponding reflectance (a-d) and fluorescence (e-h) images of the 
mixture of three antibody-bound nanorods incubated with no cancer marker proteins (a, 
e), βhCG only (b, f), CEA and βhCG (c, g), and all three cancer marker proteins (d, h).  
The concentration of each target protein was kept constant at 100 ng/mL in all assays. 

(Scale bars = 5 μm).  (Bottom) Quantitative detection of multiple cancer marker 
proteins.  
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Figure 7.7 (Top) Simultaneous detection of three cancer markers with different 

concentrations. Mixture of three antibody-bound nanorods was incubated with a solution 
containing PSA, CEA, and βhCG of 10, 100, and 1000ng/mL, respectively. (Bottom) 

Corresponding fluorescence intensity of each cancer marker. 
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Figure 7.8 (Left) Fluorescence images of anti-PSA coated nanorods incubated with PBS 
buffer (a), bovine serum (b), bovine serum containing 1 ng/mL PSA (c), and bovine 
serum containing 10 ng/mL PSA (d). Scale bars = 5 μm.  (Right) Corresponding 

fluorescence readouts from the nanorods in different solutions, as specified in the Top 
panel. 
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Figure 7.9 Sensitivity detection of PSA on the nanorods carried out in bovine serum. 

(Top) Fluorescence images of nanorods at the presence of PSA with concentration 
ranging from 0 to 1000 ng/mL (a-f) diluted in bovine serum, Scale bar = 5 μm. (Bottom) 

A plot of fluorescence signal intensity against the concentration of PSA. 
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Figure 7.10 (Top) Multiplexed detection of cancer marker proteins from an assay carried 
out with bovine serum. Three patterns of nanorods (000100, 01010, 011110) pre-coated 
with anti-PSA, anti-CEA and anti-βhCG, respectively, were mixed and then incubated 

with no target (a1, a2), CEA (b1, b2), βhCG (c1, c2), PSA and CEA (d1, d2), CEA and 
βhCG (e1, e2), and all three target proteins (f1, f2). The concentration of the target 

proteins was kept constant at 100 ng/mL in all assays.  Scale bar = 5 μm.  (Bottom) 
Quantitative fluorescence readouts in multiplexed detection of cancer marker proteins in 

bovine serum.  
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