
ABSTRACT 

HE, PENG. Reversible Addition-Fragmentation Chain Transfer Polymerization in 
Amplification-by-Polymerization for DNA Biosensing. (Under the direction of Lin He.) 
 

DNA biosensing has been developed in the past decades and the current state-of-the-art 

techniques have been employed to amplify DNA hybridization signals in different formats. 

The challenge nowadays in DNA biosensing lies in simplifying signal readouts and building 

field-friendly sensors that are amenable to point-of-need applications without compromising 

achieved sensing sensitivity. 

This dissertation reports the development of a simple yet sensitive molecular 

amplification method, i.e. amplification-by-polymerization, on DNA detection. Chapter 1 

described the research background of DNA biosensing from history, development, and 

significance. 

Chapter 2 described the proof-of-concept experiments of RAFT polymerization-based 

DNA detection method. In particular, surface-initiated polymer growth was regulated by the 

immobilization of chain transfer agents on the Au surface where DNA hybridization occurred. 

A linear polymer growth was observed as a function of the reaction time, characteristic of 

“living” polymer reactions. Significant improvement in assay sensitivity was realized in 

comparison to the previously reported polymerization-based sensing method by enhancing 

polymer growth rate and reducing background noises caused by nonspecific adsorption. 

Direct visualization of fewer than 2,000 copies of a short oligonucleotide sequence was 

demonstrated in a detector-free fashion. 

Chapter 3 describes the kinetics study of polymer growth atop DNA molecules via 

RAFT polymerization to optimize this DNA detection method. Growth kinetics of 



poly(monomethoxy-capped oligo(ethylene glycol) methacrylate) atop DNA molecules is 

investigated by monitoring the change of polymer film thickness as a function of reaction 

time. The reaction conditions, including the polymerization temperature, the initiator 

concentration, the CTA surface density, and the selection of monomers, were varied to 

examine their impacts on the grafting efficiency of DNA−polymer conjugates. Comparing to 

polymer growth atop small molecules, the experimental results suggest that DNA molecules 

significantly accelerate polymer growth, which is speculated as a result of the presence of 

highly charged DNA backbones and purine/pyrimidine moieties surrounding the reaction 

sites. 

Chapter 4 describes the possible mechanism of DNA-accelerated RAFT polymerization 

on surface. A DNA templating theory was discussed to address the observed accelerated 

surface-initiated RAFT polymerization atop DNA molecules. This DNA templating effect 

was found to be tunable by adjusting ionic strength, pH value and polarity of the solution. At 

the same time, chemical structures of monomers and DNA templates, such as negatively-

charged monomers and DNA with different sequence length and base, also have an important 

impact on DNA-templated polymerization. 

Chapter 5 expands the application of this RAFT-based DNA biosensing to 3-D in-gel 

DNA detection. Hybridization of complementary DNA detection probes introduced chain 

transfer agents (CTA) into the gel via preconjugation to the probes. Surface-initiated polymer 

growth was prompted on the gel surface and the film growth on the surface where DNA 

hybridization occurred was monitored using infrared spectroscopy and atomic force 

microscopy. Visible change in the texture of the porous gel occurred after polymer growth, 

which offered an attractive detection alternative for in-gel DNA analysis. 



Chapter 6 describes the use of a polymerization reaction as a signal amplification 

method to visualize sex-specific genomic DNA markers directly extracted from blood 

without PCR. Clear distinction between X and Y chromosomes was made both qualitatively 

by naked eye and quantitatively by ellipsometry. Assay optimization was conducted, 

including the selection of the proper blocking reagents, annealing temperature, and annealing 

time. The results confirm the potentials of the described sensing technique in eliminating 

PCR for complex genome DNA analysis, which advances one step closer to the development 

of a portable DNA sensing device for point-of-need applications. 
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CHAPTER 1   INTRODUCTION 

 

1.1. History, Development and Significance of DNA Biosensing 

Accurate qualification and quantification of biologically and environmentally important 

analytes have long been a vital component in analytical research. These requirements call for 

the birth of detection devices, which connect the biological analytes with detecting 

components to generate the concept: biosensors. Biosensors are ideally small and portable 

analytical devices that perform selective detection of chemical and biochemical analytes at 

molecular levels. They consist of three components: the biological receptor, the transducer, 

and the processor. The biological receptors are species that recognize target analytes. The 

transducers are defined as devices that convert biological recognition events into measurable 

signals. The processors operate by converting the measured signals to the ones that can be 

interpreted by the users. An ideal biosensor should possess distinctive and stable receptors 

that provide accurate and precise responses, but with simple and cheap experimental set-up 

that uses miniaturized and biocompatible probes.1 

The first biosensor was demonstrated in 1962 by Clarke and his co-workers. It was made 

of an enzyme, glucose oxidase, entrapped on the surface of a platinum electrode by a 

semipermeable dialysis membrane, which permitted the enzyme substrates and the reaction 

products to freely diffuse in and out of the enzyme layer.2 Since then, three generations of 

glucose biosensors have been developed, generating electrical responses from traditional 

product diffusion, to specific mediator-facilitated processes, which provide much improved 

responses, to direct chemical reactions. Forging ahead beyond glucose sensors, the field of 
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biosensors has made a rapid expansion with an estimated ~5% annual growth rate in recent 

years.1 This rapid development of innovative biosensing technologies is attributed to 

increasing demands in the fields of medical diagnosis and biowarfare defense.1 Further, 

biosensors and biosensor-related techniques have exhibited enormous potential in providing 

invaluable information in the fields of toxicology, biology, and environmental science.3 

In recent years, DNA-based diagnostic tests have attracted much interest and the 

development of DNA detection systems is stimulated by applications in various fields: DNA 

diagnostics, gene analysis, fast detection of biological warfare agents, forensic applications, 

and environmental and food analysis.4-6 The analysis of gene sequences and the study of gene 

polymorphisms play a vital role in rapid detection of genetic mutations at the molecular level, 

opening up the feasibility of performing reliable diagnostics even before any symptom of a 

disease appears; the detection of specific DNA sequences can be employed for the detection 

of genetically modified organism or pathogenic bacteria in environmental and food analysis. 

Various DNA detection devices based on the hybridization between a DNA target and its 

complementary probe in different media offer the determination of DNA sequences by means 

of optical or electrochemical approach.7-12 However, the current devices are still far from the 

requirements of easy continuous monitoring and miniaturization in real applications. DNA 

biosensors offer promising alternatives to these methods by obtaining sequence-specific 

information in a continuous, fast, simple, cheap, sensitive, selective, and reusable manner. 

The principle of DNA biosensors is to recognize complementary DNA target sequence by 

hybridization with a single-stranded DNA probe immobilized on a surface based on the 
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theory of complementary base pairing. The DNA hybridization signal transducer can be 

optical, electrochemical, or mass-sensitive devices. 

 

1.2. Current Methods in DNA Biosensing 

1.2.1. Electrochemical DNA Biosensors 

  An electrochemical biosensor is a small device to provide quantitative or semi-

quantitative analytical information via a biological recognition element such as biochemical 

receptors.13 Since the biochemical film is directly coated on electronic conducting materials, 

an electrochemical biosensor is also considered a chemically modified electrode.14 

Amperometric and potentiometric transducers are most commonly used in electrochemical 

biosensors. For example, potentiometric devices produce analytical signals by converting the 

biorecognition process into a potential signal using ion-selective electrodes.15 With high 

sensitivity and wide linear range, an amperometric biosensor is also attractive and has been 

widely used in clinical applications.16 A rising field in electrochemical biosensors is the 

utilization of chips and electrochemical methods in the detection of oligonucleotide binding. 

By delivering the diagnostic information in a fast, simple, and low cost fashion, these devices 

are extremely useful and uniquely qualified for meeting the demands of point-of-care cancer 

screening with the aid of high sensitivity of modern electrochemical bioaffinity assays. 

In electrochemical DNA biosensors, a single DNA chain is immobilized onto an 

electrode surface and the occurrence of hybridization is detected by monitoring the changes 

in electrical parameters. The immobilization of the nucleic acid probe onto the transducer 

surface is a key step in the overall performance of electrochemical DNA biosensors.17,18 The 
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significant improvement of solid electrodes has expanded the applicability of electrochemical 

methods for nucleic acid analysis. The immobilization step requires a well-oriented capture 

probe open for hybridization with the target analyte. The nature of the physical transducer 

determines the method used to attach the DNA probe to the solid surface. The use of 

thiolated DNA probe onto gold transducers via gold-thiol interaction is the most popular 

approach. Another method is to biotinylate DNA probe for attachment through biotin-avidin 

interaction on electrode surface.19,20 The hybridization is usually detected by the changes in 

signal measurement due to indicator or electrochemical parameters. The electrochemical 

DNA biosensor is divided into two main types: label-based detection and label-free detection. 

 

1.2.1.1. Label-Based Detection 

In label-based electrochemical DNA biosensors, enzyme, organic dyes, and metal 

complex are the most widely used indicators, which bind single-stranded DNA and double 

stranded DNA with different affinities to produce a variation of the electrochemical response 

near the electrode surface during the electroactive hybridization. Enzymatic labels bound to 

the DNA probe, catalyze a redox reaction, leading to an electrochemical change due to the 

hybridization event. de Lumley-Woodyear et al. used a horseradish peroxidase to label DNA 

target to monitor the duplex formation with a carbon fiber transducer and found the electro-

reduction of H2O2 with single base-pair resolution based on a highly sensitive amperometric 

DNA detection method.21,22 Efficient amplification was achieved  by labeling peroxidase 

with liposomes in connection with Faradaic impedance spectroscopy.23,24 The conjugation of 
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glucose oxidase with several oligonucleotide sequences demonstrated significant signal 

amplification for enhanced detection sensitivity.25 

Organic dyes are commonly used to intercalate with DNA chains to detect DNA 

concentration in biological systems and ethidium bromide and methylene blue are two 

representatives of them. It was reported that ethidium bromide intercalated into the double-

stranded DNA after covalent immobilization of DNA probes onto a graphite electrode and 

hybridization to the DNA target, which gave off a signal for DNA detection shown in cyclic 

voltammetry characterization.26 Methylene blue has a strong affinity for free guanine bases 

and can mediate the electrocatalytic reduction of ferricyanide for the redox-active 

intercalative marker regeneration.27 Generally, the electrochemical detection of DNA via an 

interacting electroactive substance is a convenient approach for DNA hybridization 

measurements without any chemical modification of DNA target in advance. 

 Ferrocene, an organometallic compound, can be used to label DNA sequences because 

it is a very stable electrostatic- and groove-binder for double-stranded DNA. For example, 

electrochemical detection of sequence-specific DNA using aminoferrocene-labeled DNA 

probe was realized, providing a stronger and more stable attachment to the DNA probe.28 In 

order to improve the electrochemical sensitivity, a naphthalene diimide derivative acting as a 

new intercalator was discovered to differentiate double-stranded DNA from single-stranded 

DNA by affinity difference with sensitivities in the zmol range.29 
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1.2.1.2. Label-Free Detection 

In contrast to label-based indirect detection where labeling is a prerequisite to translate 

the hybridization event into a readable signal, label-free detection offers a target molecule or 

any other object to the system without labeling for direct electrochemical detection.30 In a 

label-free method, the biological recognition in the analyte was converted into a readable 

signal by the transducer to identify the fact that the immobilized DNA probe hybridizes to a 

complementary target and the signal strength depends on the amount of target molecules and 

the hybridization efficiency. Although detection sensitivity and specificity could be partially 

compromised, the merits of label-free detection are listed as follows: (1) eliminating the 

labeling steps to simplify the readout, the speed and ease of nucleic acid assays; (2) reducing 

analysis times and cost; and (3) avoiding unfavorable effects such as instability and steric 

hindrances from the labels. 

Palecek et al. reported that DNA is a electroactive compound which can produce 

reduction and oxidation signals after hybridization and signals from different bases can be 

observed on oscillopolarograms of single-stranded DNA instead of DNA duplex structures.31 

Based on the natural electroactivity of the nucleotide residues in DNA, immobilized guanine-

free probes were used to develop a label-free electrochemical DNA hybridization 

biosensor.32 By using inosine to replace guanine, the oxidation signal from inosine moiety 

was well-separated from the guanine response after the hybridization with the target cytosine 

residue. The detection of DNA hybrid was accomplished from the appearance of guanine 

oxidation signal detected by potentiometric stripping analysis. Besides nucleobases, the 

changes in intrinsic properties such as impedance, capacitance, and conductivity of DNA 
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were also conducted to track hybridization in DNA biosensors. As a technique to investigate 

interfacial properties, impedance was directly utilized on in-situ detection of hybridization 

between complementary homo-oligomer DNA strands.33 Direct electrooxidation of sugar 

residues in copper electrodes was used to monitor the DNA hybridization in the picomolar 

range since more sugar residues were available in DNA duplex structures.34 

In summary, electrochemical DNA biosensors are comparatively simple, fast, and 

economical for miniaturization and large-scale production.35 Until now, they are the most 

commonly used DNA biosensors and the optimization of current electrochemical DNA 

biosensing devices is the most realistic approach for DNA biosensor commercialization. 

With the highly improved experimental conditions, electrochemical transduction is the most 

suitable equipment for diverse DNA diagnosis of many infectious and inherited diseases. 

 

1.2.2. Optical DNA Biosensors 

The combination of novel photochemical sensing schemes, molecular engineering of 

receptor sites, and pattern recognition protocols has led to the development of smart optical 

biosensors for rapid and specific recognition of biological analytes, such as toxins and 

bacteria. Optical methods are the most commonly used techniques in detection of analytes. 

Routine detection relies on instrument set-up, such as spectrophotometer and fluorometers, 

and an optical label is required in nucleic acid-based assays for optical detection since 

nucleic acids can not be directly detected under the moderate condition in most cases. The 

first optical DNA biosensor developed by Piunno et al. was based on ethidium bromide as a 

fluorescent indicator and fiber optic as the signal transducer.36 DNA hybridization can be 
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optically detected using fluorescence, surface plasmon resonance, chemiluminescence, and 

surface-enhanced Raman scattering spectroscopy. 

 

1.2.2.1. Fluorescence Detection 

  Among various optical biosensors, fluorescent biosensors using light-emitting tags to 

indicate the occurrence of specific binding events are the most popular ones. Both 

fluorescence lifetime and fluorescence intensity have been used as the signals to be measured. 

For example, derived from fluorescence labeled antibodies and total internal reflection 

fluorescence, a portable optical immunosensor for multiple analytes including pesticides for 

water pollution control was established.37-39 Fluorescence detection using a fluorophore as a 

label was used to monitor the hybridization with a fluorescein-labeled complementary target 

with an imaging fluorescence apparatus.40 Another type of fluorescence biosensor is 

molecular beacon. Molecular beacons are single-stranded oligonucleotides with a stem-and-

loop structure, labeled with a fluorophore and a quencher on both two ends of the stem. The 

quencher is used to convert fluorescent upon hybridization. For example, Rhodamine-labeled 

molecular beacons specific for some genes were immobilized onto gold films to distinguish 

single-base mismatches and the specificity comes from the unique stem-and-loop structure.41 

Fluorescence DNA biosensors are widely used in biological research with the fast and 

sensitive detection. However, the strong nonspecific background noise and toxic properties 

of fluorophore molecules become the main obstacles for further development and 

applications. 
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1.2.2.2. Surface Plasmon Resonance-Based Detection 

Surface plasmon resonance is a quantum optical-electrical phenomenon, where the 

excitation of surface plasmons is produced by the interaction of light with metal planar 

surfaces. Surface plasmon resonance-based DNA biosensors are based on monitoring the 

changes caused by the surface binding reaction or absorption in surface optical properties 

such as interfacial refractive index. Different moieties with different molecular weight, mass, 

chemical structure, and binding affinity show different signal changes on surface. Recently, 

this technique was used to study DNA assembly and DNA hybridization by immobilizing 

thiolated oligonucleotides onto suitable photolithographic pattern gold substrates and the 

detection limit was nanomolar level.42,43 These DNA biosensor systems render label-free and 

rapid detection, but offer a comparatively low detection sensitivity as main drawback.44 

 

1.2.2.3. Chemiluminescence Detection 

Chemiluminescence reactions are catalyzed by a biomolecular catalyst. The first sample 

is the peroxidase-catalyzed chemiluminescent oxidation of luminol, leading to light emission 

of aminophthalate from the excited state to the ground state.45 Recently, Expression Array 

System Microarray assays were set up to detect digoxigenin-labeled targets by 

chemiluminescence. In these assays, a digoxigenin-labeled DNA target pre-hybridized with 

an immobilized oligonucleotide interacted with the anti-digoxigenin antibody-PAL conjugate, 

resulting in the light with an emission maximum at 458 nm from the chemiluminescent 

substrate.46 
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1.2.2.4. Surface-Enhanced Raman Scattering Spectroscopy-Based Detection 

Surface-enhanced Raman spectroscopy is a sensitive technique for surface 

characterization and molecular detection using the enhancement of Raman scattering by 

molecules adsorbed on rough metal surfaces. For that, the pre-labeled DNA probes were 

firstly hybridized to DNA fragments on nitrocellulose, and then transferred on a surface-

enhanced Raman scattering spectroscopy-sensitive substrate for signal detection.47 This 

platform was applied to breast cancer diagnosis on the modified silver surfaces.48 The 

surface-enhanced Raman spectroscopy-based detection offered several benefits, including 

high spectral specificity and a size-controlled and reproducible substrate. 

 

1.2.2.5. New Generation of Commercial Optical DNA Biosensors 

It is worthy to note a few successfully commercial available optical DNA biosensors in 

the past years. GeneChip® high-density microarray from Affymetrix company based on 

fluorescence-based detection was used to sequence thousands of bases with high accuracy, 

which set up the industry standard for bioanalytical and biomedical research. As an industry 

pioneer, fluorescence-detecting microbead-based BeadXpress® array system from Illumina 

conducted genotyping with high sensitivity, multiplex capacity, and assay versatility. 

Another famous European company Pharmacia Biosensor AB developed a BIAcore SPR-

based platform system to monitor biological events under continuous flow. 
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1.2.3. Combinatorial DNA Biosensors 

Some DNA biosensors are built up by combined techniques based on different physical 

and chemical properties and the representative of them is material-based DNA biosensor. In 

recent years, the prospective applications of nanoscale materials in a variety of scientific 

fields including electronics, sensors, high-strength fibers and field emission, have been 

launched. The excellent physical and chemical properties of novel nanomaterials have 

attracted considerable attention and have expanded their application scope to life science. 

One of the promising aspects is signal amplification for ultrasensitive detection of disease 

markers and biothreat agents. The new horizon is open for highly sensitive bioaffinity and 

biocatalytic assays that employ electronic, optical, or microgravimetric signal transduction. 

The use of nanoparticle labels and the formation of nanoparticle-biomolecule assemblies 

allow great signal enlargement that offers the basis for ultrasensitive optical and electrical 

detection with PCR-like sensitivity.49,50 DNA detection can be achieved by different types of 

nanomaterials, such as nanoparticles, carbon nanotubes, and quantum dots. 

 

1.2.3.1. Nanoparticle-Based Detection 

Metallic nanoparticles were first reported in the application of DNA biosensing by 

Mirkin’s group.51,52 In his method, two different sets of target capture single-stranded DNA-

coated gold nanoparticles were used to hybridize with DNA target analyte, resulting in the 

formation of a polymeric network of nanoparticles and the solution color change from red to 

purple. The color change due to the red shift in the surface plasmon resonance of gold 

nanoparticles is very sensitive to recognize the single base mismatch for DNA detection. As 
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a milestone, this method offers no instrument need for signal read-out in a fast and easy 

fashion with nanomolar-level detection limit. The detection limit has been further improved 

to zeptomolar level by the scanometric approach coupled bio-bar-code amplification 

strategy.53 Gold nanoparticles were also used into surface plasmon resonance and quartz 

crystal microbalance to detect the target DNA hybridization.54,55 Silver-gold nanoparticles 

functionalized with oligonucleotides and Raman labels, coupled with surface-enhanced 

Raman scattering spectroscopy, were used to execute multiplexed DNA detection in a 

sandwich format.56  

Microscale labels such as magnetic nanoparticles were used to match the size of 

molecular recognition bioprobes and analyte targets.57 The behavior of this system highly 

depends on nonspecific background signals for sensitivity, specificity and reproducibility. 

Magnetic nanoparticles were conducted to multiplexed analysis for femtomolar detection of 

DNA and proteins in complex biological samples such as blood, serum, plasma and milk.58  

 

1.2.3.2. Carbon Nanotube-Based Detection 

The prospective applications of carbon nanotubes in a variety of scientific fields 

including molecular wires, electronics, sensors, high-strength fibers and field emission, have 

been well launched since the discovery of carbon nanotubes.59-62 The excellent conductivity 

and tensile strength of this new category of nano-materials have attracted considerable 

attention, which increasingly expands their application scope.63 Due to these important 

properties, carbon nanotubes are used as the semiconducting channels in the functional field 

effect transistors as well as the comparable Si-based devices.64-69 Additionally, the previous 
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research has been reported that the conductivity of carbon nanotubes can be altered up to 3 

orders of magnitude within a very short exposure time, so this new kind of nano-materials 

can be used to fabricate the biosensors.70,71 

The employment of carbon nanotubes in DNA analysis plays an important role by 

development of carbon nanotube-based DNA biosensors. Carbon nanotubes not only offer an 

intermediate for immobilization of DNA molecules but also act as powerful amplifier to 

amplify signal transduction of hybridization. A new biosensor based on DNA-wrapped 

carbon nanotubes was used in living cells. The nanotubes emitted infrared light and the 

signal changed when cancer drugs or molecules that damage DNA bind with the sensor, 

which was a new tool for scientists to real-time investigate the life of cells.72 An aligned 

carbon nanotube ultrasensitive DNA biosensor was built up based on aligned single wall 

carbon nanotubes with integrated single-strand DNAs.73 DNA hybridization between surface 

immobilized DNA and target DNA was detected by this ultra-sensitive fabrication in a label-

free and real-time electronic detection manner, with the higher projected sensitivity level 

compared to other traditional hybridization detection assays. 

 

1.2.3.3. Quantum Dot-Based Detection 

Semiconductor quantum dots are one kind of small semiconductor devices with some 

typical dimensions in nanoscale range.74-77 The size and shape of these structures and the 

number of electrons they hold, can be exactly controlled so quantum dots show many 

behaviors of physically occurring quantum-size systems in microscopic world. Especially, 

quantum dots in a core-shell configuration such as CdSe/ZnS, CdTe/ZnS, and CdS/ZnS, have 
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been proven to possess more stable and fluorescent brightness. Benefiting from the special 

physical properties related to their quantum-confined nature, quantum dots serve as a 

potential functional platform for novel materials and devices.78-80 For composite 

semiconductor QDs such as CdSe/ZnS, different particle size distribution can provide 

continuous and expected changes in fluorescence emission. QDs are investigated as the basis 

for new materials and devices including biosensors.81-83 

Quantum dot-based DNA biosensors based on fluorescence resonance energy transfer 

can detect very low concentration of DNA without any separation of unhybridized DNA. 

Quantum dots are modified with specific DNA probes to capture target DNA and the target 

DNA strand binds to a fluorophore-labeled reporter strand. During the hybridization, 

quantum dots concentrate the signal to produce a very strong signal via donor-acceptor 

assembly.84 Quantum dots have attracted much attentions for their potential in in-vivo 

biological targeting and imaging field and a mixture of CdSe/ZnS quantum dots in polymeric 

microbeads was used as detection tags for multiplexed DNA detection.85 This method 

introduced single-bead spectroscopy measurements corresponding to the sequence 

information of the target analyte after hybridization with quantum dot-labeled DNA probes. 

However, the sensitivity, specificity, and cytotoxicity are three major problems that have yet 

to be resolved. 

 

1.2.3.4. Optical Fiber in Detection 

Optical fibers are devices that inflect light from one location to another through a series 

of internal channels. The principle of optical fibers detection is the localization of a single-
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stranded DNA probe at the end of the fiber and the observation of the fluorescent changes 

from a fluorescent indicator related with the double-stranded DNA hybrid.86 An optical fiber 

DNA biosensor for the real-time detection of multiple DNA sequences was developed and 

the hybridization of fluorescent labeled complementary sequences was monitored and 

transduced by evanescent wave devices. The combinations of optical fiber bundle tips to 

different DNA-coated microspheres were identified by different fluorescent labels in an 

optical microarray-based DNA biosensor with zeptomolar detection.87 The advantages and 

disadvantages of optical fiber DNA biosensors are very obvious. The advantages include 

small diameter of optical fibers for further miniaturization, remote detection of inaccessible 

or dangerous samples, and low measurement interference and noise for wide applications. 

The disadvantages are poor stability and vulnerability to environment. 

 

1.2.4. Polymer-Based DNA Biosensors 

Polymers also play an increasingly important role in biosensing. They have extended the 

applications from enhancing specific binding, reducing nonspecific adsorption, increasing 

probe density to being directly involved in biosensing mechanisms. Compared to natural 

entities such as enzymes and antibodies, synthetic polymers exhibit better stability and longer 

shelf-life. They are also easy to fabricate and inexpensive, afford multiple functionalities and 

flexible geometries (bead/block/thin film) to meet the needs of different applications.88-91 In 

particular, conducting polymers are a unique class of synthetic polymers, which have 

extended π electron-conjugated system with good conductivity and unique optical properties. 

Their usage in biosensing has been well demonstrated. In the past decades, polymer 
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chemistry has been extensively developed to fabricate different polymeric materials for 

biosensing devices by different polymerization methods. Due to their different benefits, 

interest in various polymerization means is growing rapidly, as confirmed by the available 

reports focusing on polymerization techniques. The different polymerization reactions 

suitable for biosensing will be discussed in more details in the following subsections. 

 

1.2.4.1. Electropolymerization 

Since the pioneer work of conducting polymers for the enzyme and glucose oxidase 

entrapment, electropolymerization has been popularly applied to the preparation of 

biosensors.92-97 Electrochemistry-based biosensors offer sensitivity, selectivity, and low cost 

for the detection of biomolecular behaviors, such as selected DNA sequences or mutated 

genes related with human disease.98 Generally, the immobilization of molecules in polymer 

films via electropolymerization method is shown in the following procedures: (1) The 

molecules are usually bulk-entrapped in a polymer matrix which grows onto the electrode 

surface from the solution with the dissolved monomer; (2) The monomer is electrochemically 

oxidized at a polymerization potential, resulting in free radicals; and (3) These radicals are 

adsorbed onto the electrode surface and proceed subsequently a wide series of reactions 

leading to the molecule-incorporated polymer network. In order to make biological 

component suitable in polymer film close to the electrode surface, the electropolymerization 

prefers to occur locally and strictly on the electrode surface in aqueous solution with a 

neutral pH value. On the other hand, the growth of the polymers mostly depends on their 

electrical property. If the polymer is electrically nonconducting, its growth is self-limited. In 
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contrast, the growth of conductive polymers, defined as organic polymer semiconductors 

with extended delocalized bonds in localized states, is virtually unlimited and governed by 

the electrode potential and the reaction time, which offers an opportunity to control the 

thickness of the resulting film.99 The role of electropolymers in DNA biosensing is 

transducing the DNA hybridization event into the electrochemical signal which can be 

detected by electro-processor. The representative monomers for the most extensively studied 

conducting polymers are pyrrole and aniline since they are easily oxidized, water-soluble, 

commercially available, and possesses environmentally stability, good redox properties, and 

high electrical conductivity.100 Cyclic voltammetry technique indicated that a peak at 1.1 V is 

consistent with the oxidative coupling mechanism for polypyrrole formation, leading to a 

zero kinetic order dependence on monomer concentration for polymerization.101 

Recently, electropolymerization has attracted much interest in the development of 

biosensing devices since the discovery of new conducting polymeric systems. One major 

advantage is the electrochemical addressing that permits the reproducible and precise 

polymer formation over surfaces to immobilize separately different biomolecules on closely 

spaced microelectrodes, providing an attractive way for the elaboration of biosensing 

devices.92 Gros and his coworkers described a polypyrrole-containing Fe(CN)6
3- modified 

electrode by anodic electropolymerization in an aqueous solution for the future application in 

amperometric biosensors.102 John and his coworkers reported anti-human serum albumin 

(anti-HSA) incorporation into polypyrrole film via a simple one-step galvanostatic 

polymerization for a direct detection of the corresponding antigen HAS.103 Livache and his 

coworkers used electrochemical polymerization of oligonucleotide functionalized by a 
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pyrrole group to build up the electrochemical construction of DNA matrix on 

microelectrode.104 Garnier and his coworkers employed electropolymerization of peptides 

and dipeptides bearing a pyrrole group to provide conductive polymers enabling the specific 

recognition of proteolytic enzymes.105 More recently, Ramanathan and his coworkers 

demonstrated the successful entrapment of avidin into a polypyrrole nanowire and its 

bioaffinity for the specific anchoring of biotinylated oligonucleotides thus opening the way 

for a new generation of nanobiosensor capable of sensing a single-biomolecule.106 

 

1.2.4.2. Conventional Free Radical Polymerization 

In conventional free radical polymerization, the radicals generally originate from 

thermal, photochemical, redox, or irradiation decomposition of unstable initiators. For 

example, azobisisobutyronitrile (AIBN), one of the most widely used azo compounds, is 

chosen to produce radicals using heating for reaction initiation.107 The radicals instantly 

attack the monomers in the surrounding area and form propagating radicals. In other 

approaches such as redox reactions, electron transfer between ions and molecules also can 

produce free radicals. When the electrons are generated from an electrode in an 

electrochemical reaction, the radicals stay in the local area around the electrode surface for 

the polymerization. Although free radical polymerization is a versatile and efficient means to 

produce high molecular weight polymeric materials, the problems caused by its nature are 

also very obvious. Highly reactive radicals can make random radical termination and chain-

transfer, which makes the high impact on the formation of uncontrolled polymers with high 

polydispersity and low molecular weight. The radical termination and chain-transfer can 
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partially compromise the signal enlargement degree in the definite time. The uncontrolled 

polymers also can make nonspecific reaction to bring high background noise for the sensing 

devices. 

 

1.2.4.3. Controlled/“Living” Radical Polymerization 

In the field of polymer science, the most common type of chain polymerization is free 

radical polymerization. A free radical is simply a molecule with an unpaired electron and has 

the tendency to obtain an additional electron in order to form a pair, which makes it highly 

reactive so that it breaks the bond on another molecule to produce another free radical by 

stealing an electron. This newly formed radical attacks another monomer and the process is 

repeated. There are three significant steps that take place in free radical polymerization: 

initiation (birth), propagation (growth), and termination (death). In comparison with classical 

radical polymerization, controlled/“living” radical polymerization exhibits three advantages: 

(1) more versatility for monomers; (2) mild experimental conditions; and (3) near-

monodisperse polymers synthesis with pre-determined molecular weights, compositions, 

microarchitectures, and functional groups. The three common methods in controlled/“living” 

radical polymerization are atom transfer radical polymerization (ATRP), reversible addition 

fragmentation chain transfer polymerization (RAFT), and nitroxide mediated polymerization 

(NMP), all of which display the merit to prepare well-defined polymer brushes on various 

types of substrates as biosensing devices.108-111 Controlled/“living” radical polymerization 

can offer an signal amplification tool with an enhancement power controllable at will by 

connecting monomer units to form a long polymer chain through the chain propagation. 
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Among them, ATRP is the most popular technique to be utilized for the molecular 

design of biosensors because of its easy handling and mild conditions. The process is based 

on the transfer of a halogen atom from the initiator to the monomer and the successive 

transfer to the growing polymer chain catalyzed by a transition metal complex that mediates 

the propagation.112-114 For example, Xu and his coworkers employed a simple one-step 

procedure for the covalent immobilization of glucose oxidase on well-defined poly(glycidyl 

methacrylate) (PGMA) brushes on the hydrogen-terminated Si(111) surface by surface-

initiated ATRP. ATRP was used to prepare well-defined polymer brushes to functionalize 

silicon surfaces with excellent mechanical and chemical properties for biosensing application. 

Another important radical polymerization is NMP, which is based on reversible capping of 

active chain-end radical with a living group for monomers.115,116 Husseman and his 

coworkers grew polymer brushes with controlled molecular weights and narrow 

polydispersities from silica surface using 2,2,6,6-tetramethylpiperidinil-1-oxy (TEMPO) as 

an alkoxyamine living group and styrene as monomers.117 Unique block copolymer brushes 

synthesized by NMP were good candidates for sensor devices. A more detailed review for 

RAFT polymerization is described in Section 1.3.3. Totally, controlled/“living” radical 

polymerization methods are widely used to build up well-defined polymer architecture in an 

aqueous environment, leading the way to more novel and interesting structures in application 

for biosensing devices. 
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1.2.4.4. Other Polymerizations 

Ring-opening polymerization (ROP), molecular imprinting polymerization (MIP), 

emulsion polymerization (EP), UV polymerization (UVP), and plasma polymerization (PP) 

have also been utilized in the fabrication of biosensing devices. Sosnowski and his coworkers 

carried out the polymerization of lactones by ROP in bulk or in solution, emulsion, or 

dispersion for bioresorbable devices.118,119 Piletsky and his coworkers used MIP to prepare 

methacrylic polymers as the selective bioreceptors for nucleotides, amino acids, and 

herbicdes.120 Puech and his coworkers synthesized the biodegradable polymers 

functionalized by gluconamide (N-methylnorbornylgluconamide) groups by EP, which was 

proven to be good immobilization matrices for glucose oxidase.121,122 Brahim and his 

coworkers obtained electrode-supported hydrogel films by UVP of the 2-

hydroxyethylmethacrylate (HEMA) component within the interstitial spaces of the pre-

formed hydroxyl network.123 Cheng and his coworkers used PP to polymerize N-

isopropyacrylamide (NIPAM) in a custom-built reactor to produce smart-responsive 

coating.124 All the polymers used here serve as biomolecular receptors, signal transducers, 

fluorescence labels, etc. in DNA biosensing. 

DNA biosensing methods are summarized in Table 1.1. 

 

1.2.5. Limitation and Challenge in DNA Biosensing 

It has been recognized that gene polymorphisms are directly linked to various diseases, 

such as Alzheimer's, Parkinson's, diabetic, cardiac, and certain cancers for a long time. Fast 

screening of DNA polymorphic sites is thus of principal importance to reduce mortality and 
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improve patients' health outcomes.125-130 With the launch of such public and private single 

nucleotide polymorphisms (SNP) database, the efforts in utilizing the gained knowledge to 

develop SNP detection-based test kits have been initiated in the field of bioanalytical 

chemistry. To be applicable in point-of-care diagnosis, these kits need to reliably evaluate an 

individual’s susceptibility to a specific disease or the expected severity of a disease. To date, 

fabricating such devices with the basic sensing requirements is still challenging in the 

following aspects: (1) sensitivity/selectivity: to detect few copies of specific DNA sequences 

in the presence of complex DNA matrices; (2) accuracy: to identify the exact SNP sites with 

the aid of redundant measurements or cluster analysis; (3) throughput: to conduct of such 

testing in a timely fashion; and (4) cost: to make the test suitable to daily clinical analysis by 

minimizing the reagent cost and eliminating extensive usage of complex instruments to the 

most degree. 

While current sensing techniques have greatly improved DNA detection sensitivity and 

specificity, the reported protocols are still far away from applications in clinical settings. The 

main obstacle is the requirements for special laboratory skills in detection label preparation 

and in instrument set-up. Sensitive detection of SNPs with off-shelf chemistry in an 

instrument-free detection fashion is in demand. 

 

1.3. Amplification-by-Polymerization in DNA Biosensing 

While polymers of unique electrical or optical properties have been extensively used in a 

pre-formed macromolecular form for biomolecular detection, the dynamic growing process 

of macromolecules has not been extensively exploited as an amplification tool. We recognize 
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that polymerization essentially is a highly efficient signal amplification process with the 

enhancement power controllable at will. For example, chain addition polymerization is a 

continuous molecular assembly process where small monomers covalently link to each other 

in a head-to-tail fashion and form a long polymer chain containing a huge number of 

repeating units. As a result, the information contained in the small monomer unit can be 

amplified hundreds to thousands times through chain propagation. 

An “amplification-by-polymerization” approach has recently been developed by our 

group, in which DNA recognition is converted to effective mass growth.131 In this approach, 

formation of polymer brushes upon DNA binding leads to an assembly of polymer chains 

tethered at one end to a surface. Formation of polymer brushes on the surface results in an 

opaque spot that can be easily distinguished by naked eyes. In this approach, any type of 

polymerization reactions can be used in DNA sensing, as long as it exhibits certain important 

characteristics, including compatibility in a biomolecular environment and chemical inertness 

to biomolecules. Currently, three polymerization methods used in the concept of 

“amplification-by-polymerization” are atom transfer radical polymerization (ATRP), photo-

polymerization, and reversible addition-fragmentation chain transfer (RAFT) polymerization. 

 

1.3.1. Atom Transfer Radical Polymerization 

In concept proof experiment, Lou et al. demonstrated that a DNA detection method in 

which polymer growth in atom transfer radical polymerization (ATRP) was used to amplify 

detection signals for DNA hybridization.131 In this system, DNA hybridization and ligation 

reactions on a surface where specific DNA sequences were recognized localized ATRP 
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initiators, leading to consequent growth of poly(hydroxyethyl methacrylate) (PHEMA) atop 

DNA molecules. The formation of PHEMA altered substrate opacity, providing the 

distinguishable spots to the naked eye. In order to improve the visibility of DNA 

hybridization and shorten the detection time, hyperbranched polymers were formed via a 

second ATRP reaction by coupling initiators to polymer brushes to directly visualize 1 fmol 

of target DNA molecules of interest. At the same time, the perfectly matched DNA targets 

were typically differentiated from those with DNA point mutations. The same concept was 

applied into a direct surface-grafting approach to forming DNA-containing polymer shells 

outside of Au nanoparticles using ATRP.132 The presence of thick polymer shells which 

improved particle stability induced a visible color difference of the solutions. “Reverse” 

colorimetric DNA detection by the formation of core-shell particles upon DNA hybridization 

was achieved based on this strategy in which polymer reaction initiators were covalently 

linked to suspended nanoparticles upon DNA hybridization.133 

With the aim of eliminating dissolved oxygen-induced ATRP catalyst oxidation and 

radical chain termination, the use of Cu(0) as a reducing reagent allowed DNA detection to 

be conducted in a purge-free fashion.134 DNA detection sensitivity was not compromised 

under the condition of a 10:1 ratio of Cu(0):Cu(I). Similarly, activators generated by electron 

transfer for atom transfer radical polymerization (AGET ATRP) was employed to achieve 

signal amplification upon DNA hybridization for high throughput or portable screening of 

genetic mutations.135 In this case, water-soluble ascorbic acid as the reducing agent directed 

AGET ATRP reactions for effective polymer growth to detect DNA sequences with single-

point mutations at any mutation site successfully. Very recently, the combination of 
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electrochemical biosensing and amplification-by-polymerization approach was designed on 

DNA biosensing.136 In particular, AGET ATRP was triggered after the capture of target 

molecules on the electrode surface. Polymer brushes with long chains supplied coupling sites 

for aminoferrocene to enhance electrochemical signal output, leading to a picomolar-level 

detection limit for DNA. 

However, several problems that are inherent in ATRP-based DNA biosensing methods 

limited the sensitivity improvement and future applications, including the slow growth rate of 

ATRP due to the low radical density in the system at any given moment, strong background 

noise due to non-specific adsorption from interactions of DNA molecules and positively-

charged metal catalysts, and the potentially toxic metal catalysts required in ATRP that may 

hinder future clinical application. 

 

1.3.2. Photo-polymerization 

In parallel, Bowman’s group developed a photo-polymerization method  to generate an 

amplified response to molecular recognition events.137 In their protocol, biotin-labelled 

biomolecules of interest on a surface interacted with dual-functional macrophotoinitiator 

moieties. The entire surface immersed in an acrylic acid/acrylamide monomer solution was 

then exposed to irradiation, followed by subsequent photo-polymerization induced by 

macrophotoinitiators to recognize biotin-avidin binding event on surface. This surface-

initiated photopolymerization was used to visually detect labeled oligonucleotides in a glass 

microarray format and 20−240-nm-thick hydrogel layers were produced from spots 

containing the biotin-labeled DNA, with a comparable even higher amplification factor 
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compared with optical microscopy or CCD camera.138,139 In lab on a chip-based analysis, 

photo-polymerization was used to subtype the influenza virus from crude lysates by coupling 

a polymerization reaction to a protein–protein recognition event.140 

Nevertheless, the complicated organic synthesis of photoinitiators and tough 

experimental condition such as the stability of biomolecules in irradiation (DNA damage can 

be caused by UV light and radiation in human cells) could hinder the further development of 

polymerization-based amplification technique. 

 

1.3.3. Reversible Addition-Fragmentation Chain Transfer Polymerization 

1.3.3.1. History of Reversible Addition-Fragmentation Chain Transfer Polymerization 

Reversible addition–fragmentation chain transfer (RAFT) polymerization was 

discovered by Graeme Moad, Ezio Rizzardo, and San H. Thang at CSIRO in Australia in 

1998.141 Around the same time chemists in France also claimed a new polymerization 

technique they named MADIX for Macromolecular Design by Interchange of Xanthate.142 In 

fact, both MADIX and RAFT have an identical addition–fragmentation chain transfer 

mechanism and the only difference for these two terms is that RAFT describes a much wider 

reaction system employing all thiocarbonylthio mediating agents. Instead of controlling chain 

growth by reversible termination as in ATRP and NMP, RAFT polymerization controls chain 

growth via reversible chain transfer. The key to keep the living character in RAFT is the 

appropriate selection of RAFT chain transfer agents (CTA), which usually are 

thiocarbonylthio species, including dithioesters, xanthates, dithiocarbamates, and 

trithiocarbonates, etc. CTAs have the so-called Z and R groups. The Z groups can be alkyl or 
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aryl functional groups of O-Y, -NYY’, or S-Y that determine the general reactivity of the 

carbon-sulfur double bond and the lifetime of the intermediate radical resulting from the 

addition of a radical species across the carbon-sulfur double bond. The R groups are to tune 

the overall reactivity to effectively mediate polymerization in a well-controlled fashion. 

Overall, the control in RAFT polymerizations is a balanced result among the addition (Z-

group controlled), lifetime of the intermediate radical (Z-group dominated and R-group 

contributed), the fragmentation step(s) (predominantly R group controlled) and the associated 

reaction rate constants.143-147 

 

1.3.3.2. Mechanism of Reversible Addition-Fragmentation Chain Transfer 

Polymerization 

The mechanism of RAFT is shown in Scheme 1.1: the RAFT process involves 

conventional free radical polymerization of a substituted monomer (some atoms on the 

molecules substituted by other functional groups) in the presence of a suitable CTA. 

Initiation is accomplished utilizing conventional thermal, photochemical, redox, or γ-

irradiation methods and chain growth of P• begins by addition of initiator-derived radicals to 

monomers. During the process of reversible chain transfer, P• attacks CTA to yield R•, a 

fragmented product of the intermediate; then almost exclusively CTA-derived chains Pm• are 

produced in reinitiation. Chain equilibrium is reached in which active (kinetic) radical chains 

add to monomers or reversibly to dormant chains (termed macro-CTAs). The polymerization 

ends by chain termination events such as radical coupling and chain transfer, common to 

conventional free radical polymerization. 
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1.3.3.3. Applications of Reversible Addition-Fragmentation Chain Transfer 

Polymerization 

Using RAFT polymerization, homopolymers, block copolymers and branched polymers 

with narrow polydispersities have been easily prepared. Smulders and coworkers have 

copolymerized styrene and n-butyl acrylates using RAFT to produce well-defined core–shell 

nanostructures with controlled particle sizes and molecular weight distributions.111 Scales et 

al. have used RAFT to graft a series of nonionic, cationic, anionic and zwitterionic homo- 

and block copolymers to either planar gold surfaces or spherical gold particles in order to 

explore their potential applications to biosensing.148 In situ synthesis of protein−polymer 

conjugates via RAFT as an efficient method to generate well-defined, homogeneous 

protein−polymer conjugates in one step was reported.149,150 A model protein, bovine serum 

albumin (BSA)-macroRAFT agent was employed to control the polymerization of two 

different water soluble monomers, N-isopropylacrylamide (NIPAAm) and hydroxyethyl 

acrylate (HEA) in aqueous medium at room temperature. Li et al. prepared well-defined 

polymer brushes grafted onto silica nanoparticles by RAFT by the attachment of a versatile 

RAFT agent, 4-cyanopentanoic acid dithiobenzoate (CPDB) on amino-functionalized silica 

nanoparticles.151 

Associated with DNA biosensing, only a few references took advantage of RAFT as a 

tool to expand its applications in this area. RAFT was used to synthesize an amphiphilic 

block copolymer poly(tert-butylacrylamide-b-(N-acryloylmorpholine-N-

acryloxysuccinimide)) (poly(TBA m-b-(NAM/NAS)) and a random copolymer 
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poly(NAM/NAS) as a support for oligonucleotide (ODN) dT25/dA25 synthesis, which 

afforded a significant sensitivity improvement of the hybridization assay.152 Microarray 

slides grafted with block copolymer brushes of N,N-dimethylacrylamide (DMA) and 

glycidyl methacrylate (GMA), poly(DMA-b-GMA) were prepared by RAFT to be used as a 

substrate for high oligonucleotide hybridization.153 Thermo-responsive biosensor platforms 

based on poly(N-isopropylacrylamide) (poly(NIPA)) synthesized by RAFT significantly 

increased hybridization efficiency at low temperatures.154 

 

1.3.3.4. Perspective of Reversible Addition-Fragmentation Chain Transfer 

Polymerization 

RAFT polymerization has been the technique of choice to synthesize polymers of low 

polydispersities and complex architecture based on several advantages: (1) monomer variety, 

(2) solvent variety, (3) temperature variety, (4) various functionalities available in RAFT 

reagent, and (5) experiment practicable under bulk/solution/emulsion/suspension conditions. 

By adapting RAFT in amplification-by-polymerization sensing scheme, it is expected to 

improve the reaction rate with more efficient polymer growth and reduce background noise 

by eliminating the use of metallic catalysts. 

 

1.4. Outline of Dissertation 

This research focuses on adapting RAFT in polymerization-based DNA biosensing to 

improve detection sensitivity and throughput. 
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Chapter 2 described the proof-of-concept experiments of RAFT polymerization-based 

DNA detection method. In particular, surface-initiated polymer growth was regulated by the 

immobilization of chain transfer agents on the Au surface where DNA hybridization occurred. 

A linear polymer growth was observed as a function of the reaction time, characteristic of 

“living” polymer reactions. Significant improvement in assay sensitivity was realized in 

comparison to the previously reported polymerization-based sensing method by enhancing 

polymer growth rate and reducing background noises caused by nonspecific adsorption. 

Direct visualization of fewer than 2,000 copies of a short oligonucleotide sequence was 

demonstrated in a detector-free fashion. 

Chapter 3 describes the kinetics study of polymer growth atop DNA molecules via 

RAFT polymerization to optimize this DNA detection method. In this series of experiments, 

a trithiocarbonate compound as the RAFT chain transfer agent (CTA) was attached to the 

distal point of a surface-immobilized oligonucleotide. Initiation of RAFT polymerization 

leads to controlled growth of polymers atop DNA molecules on the surface. Growth kinetics 

of poly(monomethoxy-capped oligo(ethylene glycol) methacrylate) atop DNA molecules is 

investigated by monitoring the change of polymer film thickness as a function of reaction 

time. The reaction conditions, including the polymerization temperature, the initiator 

concentration, the CTA surface density, and the selection of monomers, were varied to 

examine their impacts on the grafting efficiency of DNA−polymer conjugates. Comparing to 

polymer growth atop small molecules, the experimental results suggest that DNA molecules 

significantly accelerate polymer growth, which is speculated as a result of the presence of 



 

31 

 

highly charged DNA backbones and purine/pyrimidine moieties surrounding the reaction 

sites. 

Chapter 4 describes the possible mechanism of DNA-accelerated RAFT polymerization 

on surface. A DNA templating theory was discussed to address the observed accelerated 

surface-initiated RAFT polymerization atop DNA molecules. Specifically, it was argued that 

the ordered monomer assembly on DNA template was possibly achievable on the basis of 

hydrogen bonding between the DNA template and free monomers, which aligned the 

monomers along the DNA strand thus increased the reaction rate. This DNA templating 

effect was found to be tunable by adjusting ionic strength, pH value and the polarity of the 

solution. Low ionic strength, neutral pH value and high polarity were preferred reaction 

conditions due to high templating efficiency of DNA strand. At the same time, the chemical 

structures of monomers and DNA templates, such as negative-charged monomers and DNA 

with different sequence length and base, also have an important impact on DNA-templated 

polymerization. The comparison of DNA-accelerated radical polymerizations in RAFT and 

ATRP showed a different acceleration degree as a result of the “zip” mechanism for ATRP 

and the “pick-up” mechanism for RAFT. 

Chapter 5 expands the application of this RAFT-based DNA biosensing to 3-D in-gel 

DNA detection. It is the first time that a dynamic polymer growth on the surface of soft 

matter is used in signal amplification for DNA detection. In the concept-proof experiment, a 

thin acrylamide gel on a glass microscope slide formed a thin layer of uniformly crosslinked 

network with porous structures and oligonucleotides of different sequences entrapped within 

the gel at separate spots. Hybridization of complementary DNA detection probes introduced 
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chain transfer agents (CTA) into the gel via preconjugation to the probes. Surface-initiated 

polymer growth was prompted on the gel surface and the film growth at where DNA 

hybridization occurred was monitored using infrared spectroscopy and atomic force 

microscopy. Visible change in the texture of the porous gel occurred after polymer growth, 

which offered an attractive detection alternative for in-gel DNA analysis. Compared to the 

results from traditional ethidium bromide staining, better detection sensitivity and specificity 

was achieved. 

Chapter 6 describes the application of this RAFT-based DNA biosensing in complex 

human genomic DNA detection. RAFT polymerization was used as a signal amplification 

approach to directly detecting sex-specific genomic DNA markers extracted from patient 

blood. The successful detection was achieved after optimizing assay conditions, including the 

use of blocking reagents, annealing temperature, and annealing time. Detection fidelity 

reached 96% for 26 unknown samples examined. The approach has eliminated the need for 

PCR in DNA amplification, which enables future pursuit of the development of fast, cheap 

and miniaturized analytical systems. 
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Scheme 1.1. Mechanism of RAFT Polymerization. 
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Table 1.1. Summary of DNA Biosensing Methods. 

 

Method Sub-Method Reference 
Electrochemical 
DNA Biosensor 

Label-Based Detection 21-29 
Label-Free Detection 31-34 

Optical DNA 
Biosensor 

Fluorescence Detection 37-41 
Surface Plasmon Resonance-Based 

Detection 42-43 

Chemiluminescence Detection 45-46 
Surface-Enhanced Raman 

Scattering Spectroscopy-Based 
Detection 

47-48 

Combinatorial DNA 
Biosensor 

Nanoparticle-Based Detection 51-58 
Carbon Nanotube-Based Detection 72-73 

Quantum Dot-Based Detection 84-85 
Optical Fibers Detection 86-87 

Polymer-Based DNA 
Biosensor 

Electropolymerization 100-106 
Conventional Free Radical 

Polymerization 107 

Controlled/“Living” Radical 
Polymerization 108-111 

Other Polymerizations 118-124 

Amplification-by-
Polymerization in 
DNA Biosensing 

Atom Transfer Radical 
Polymerization 131-136 

Photo-polymerization 137-140 
Reversible Addition-Fragmentation 

Chain Transfer Polymerization  

 

Note: Amplification-by-polymerization in DNA biosensing is converting DNA recognition 
or hybridization to real-time polymer growth process, which is different from routine 
polymer-based DNA biosensor (using the existing polymers as constructing materials or 
sensing elements). 
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CHAPTER 2   CONCEPT PROOF OF REVERSIBLE ADDITION-
FRAGMENTATION CHAIN TRANSFER (RAFT) POLYMERIZATION IN DNA 

DETECTION 
 

2.1. Introduction 

Sophisticated technologies to recognize specific DNA sequence patterns with high 

sensitivity and accuracy have been developed in the past decades.1 Current state-of-the-art 

sensors are reportedly capable of detecting a few DNA copies in complex biological matrices, 

quantifying DNA sequences through a dynamic range of several orders of magnitudes and 

simultaneously detecting tens and hundreds of genes in an array format.2-5 To achieve such 

performances, however, most reported techniques rely on specialized equipments to carry out 

assays and inevitably have experienced limited mobility. The challenge nowadays in DNA 

biosensing therefore lies in simplifying signal readouts and building field-friendly sensors 

that are amenable to point-of-need applications without compromising achieved sensing 

sensitivity.6 

Taking advantage of advancements in materials chemistry, we have recently developed 

an “amplification-by-polymerization” approach based on effective mass growth upon DNA 

recognition using controlled/“living” radical polymerization reactions.7-9 In particular, a 

purposely selected polymerization reaction is activated upon DNA binding that subsequently 

leads to the formation of polymer brushes tethered to a solid support. The formed thin layer 

of polymer film is readily distinguishable as an opaque spot on the surface by the naked eye. 

This reported approach offers four unique advantages over the conventional signal 

amplification methods: (1) the use of a point-initiating polymerization reaction allows direct 
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correlation of biological binding events to polymer growth; (2) the information, i.e. the 

“signal”, contained in a small monomer is enhanced by hundreds of folds through polymer 

chain propagation; (3) based on the amount of analytes the degree of amplification is tunable 

by adjusting reaction time and monomer concentrations; and (4) the directly visible results 

eliminate the need for sophisticated readout equipments and, thus, enable field analysis 

outside of well-equipped labs. 

Atom transfer radical polymerization (ATRP), the most popular controlled/“living” 

radical polymerization method,10-12 was used initially in our concept-proof experiment for 

DNA detection. However, several inherent problems in ATRP have limited exploration for 

broader applications. For example, background noise from non-specific adsorption is often 

observed due to the formation of complexes between positively charged metal ions and DNA 

molecules; the use of toxic transitional metal catalysts during assay detection also raises 

concerns for future clinical applications. To eliminate these concerns and broaden the 

application scope of the “amplification-by-polymerization” approach, a new control/“living” 

radical polymerization method, reversible addition-fragmentation chain transfer (RAFT) 

polymerization, is explored in this report to allow signal amplification in a catalyst-free 

fashion. 

RAFT polymerization was first reported by Chiefari et al. in 1998.13 It operates on the 

principle of a reversible chain transfer process, facilitated by chain transfer agents (CTAs) 

containing thiocarbonylthio groups.14-17 The initial radicals formed using conventional 

thermal, photochemical, redox, or γ-irradiation methods attack the monomers and form P• 

that start chain growth. P• interacts with CTA preferably and CTA-containing Px•, Py•, or Pz• 
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are formed in solution and on the surface simultaneously (Scheme 2.1). Conventional chain 

termination events such as radical coupling and chain transferring end the polymerization 

reaction. Unlike in ATRP, the oscillating nature of CTA plays a critical role in RAFT that 

enables the “controlled” growth of polymer chains without compromising the growth rate.18-

20 It also offers additional benefits over ATRP, such as lower non-specific grafting 

background and elimination of toxic transition metal catalysts. With a broad selection of 

reaction monomers and a good control over molecular weights of final products, RAFT is 

one of the most versatile polymerization reactions used in polymer synthesis. Here we 

describe the use of RAFT polymerization reactions in DNA sensing that exhibited improved 

sensing throughput, reduced background noises, and enhanced detection sensitivity. 

 

2.2. Experimental Section 

2.2.1. Materials 

Au substrates (50 Å chrome followed by 1000 Å gold on float glass) were purchased 

from Evaporated Metal Films (Ithaca, NY). Dithiothreitol (DTT), triethylamine (TEA), 6-

mercapto-1-hexanol (MCH), N-hydroxysuccinimide acid (NHS), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC), 3-hydroxypicolinic acid (3-HPA), 

diammonium citrate, dichloromethane, dioxane, N,N-dimethylformamide (DMF), 

azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich (St. Louis, MO), and 

used as received. 2-(1-Carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-

methylpropionic acid (CMP) was a gift from Noveon (Cleveland, OH). Monomethoxy-

capped oligo(ethylene glycol) methacrylate (OEGMA; mean degree of polymerization, 7 to 8) 
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was a gift from Cognis Ltd (Hythe, U.K.). OEGMA was purified by removing the methyl 

hydroquinone inhibitor. The column packing material was purchased from Sigma-Aldrich, 

and the column was packed in house. All oligonucleotides were purchased from Integrated 

DNA Technologies (Coralville, IA), with the sequences listed (Table 2.1). T4 DNA ligase 

was purchased from Stratagene (La Jolla, CA). Micro Bio-Spin 30 columns were purchased 

from Bio-Rad Laboratories for DNA purification. C18 ZipTip was purchased from Millipore 

for DNA desalting before MALDI-TOF MS measurements. 

 

2.2.2. Capture Probe Immobilization 

The gold substrates were cleaned in a piranha solution prior to the use (70% H2SO4, 30% 

H2O2, hazardous solution, potentially explosive, handle with care!). The disulfide bonds at 

the 3'-ends of the oligonucleotide probes, C and NC, were reduced to generate free thiol 

groups for surface immobilization.7,21 Specifically, 3 µL of stock oligonucleotide solution (C 

or NC) at 100 µM was mixed with 0.0025 mmol of DTT (0.1 M, 25 µL) and 1 µL of TEA at 

room temperature for 20 min. After reduction, the excess amount of DTT was removed using 

a Micro Bio-Spin 30 column. The concentrations of the reduced oligonucleotides were 

determined by the UV absorbance at 260 nm. Mass spectrometry (MS) measurements were 

used to confirm successful reduction of disulfide bonds. Freshly reduced capture probes at 1 

µM in a KH2PO4 buffer (1 M, pH 4.4) were spotted onto Au substrates at room temperature 

and incubated in a humid chamber for 16-20 h. The surfaces were then incubated in a 1 mM 

MCH aqueous solution for 1 h, followed by copious rinsing with DI water and dried under 

N2.22,23 
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2.2.3. Detection Probe Conjugation (CTA-D) 

A 5mL solution of CMP (0.10 M) in dichloromethane (DCM) was cooled in an ice bath. 

A 5 mL mixture of NHS (0.10 M) and EDC (0.10 M) in dioxane was added drop-wise. Upon 

completion, the reaction mixture was stirred under room temperature for 1 h, followed by 

filtration to remove any precipitates. The solution was then washed with saturated NaHCO3, 

followed by washing with water, and dried over MgSO4. Evaporation in vacuo resulted in a 

crude yellow solid product and further purification was conducted in column separation with 

silica gels, with the expected structure confirmed by NMR. 1H NMR (CD3Cl, 300 MHz): δ 

1.6 (s, 12H), 2.8 (s, 4H), 10.3 (s, 1H). 13C NMR (CD3Cl, 300 MHz): 25.4, 25.8, 53.8, 55.5, 

169.6, 173.0, 174.7, 219.4. This crude NHS active ester was used in subsequent experiments 

without further purification. Oligonucleotide D (0.3 nmol) and 5 µL of conjugation buffer 

(1.0 M NaHCO3/Na2CO3, pH 9.0) were added into a centrifuge tube, followed by addition of 

the freshly prepared 10 µL CTA ester solution (10 mg/mL in DMF). After a 30-min reaction 

at room temperature, unreacted NHS ester was removed by gel filtration. MS was again used 

to confirm the coupling and monitor the coupling efficiency by measuring the amount of 

oligonucleotides before and after the coupling reaction. 

 

2.2.4. DNA Duplex Formation 

Probes C and NC-attached Au surfaces were incubated with a mixture of target 

oligonucleotides C'D' (3 µL, concentration specified in the text) and detection probes CTA-

D or D (3 µL, 1 µM), with or without RAFT reagent modification, respectively, in a 
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humidity chamber at room temperature. The 1 M NaCl in Tris-EDTA (TE) was used as the 

hybridization buffer. After 1-h hybridization, stringent washes with a NaCl/phosphate buffer 

were performed to selectively denature the non-complementary duplexes. After hybridization, 

the surface was reacted with 20 µL of a solution containing 4 units of T4 DNA ligase and 

30% PEG 8000 in a 10 × T4 DNA ligation buffer without DTT. The reaction was allowed to 

proceed for 1 h at room temperature. 

 

2.2.5. RAFT Polymerization for DNA Detection 

In a typical surface-initiated RAFT polymerization, a solution of OEGMA (5 mL, 13.2 

mmol), DI H2O (5 mL) and AIBN (0.004 mmol) was purged with N2 for 30 min in an ice 

bath to reduce the amount of O2 in the reaction system. The DNA-immobilized Au substrate 

was placed in a glass container and also degassed by purging N2 for 30 min. The OEGMA 

mixture was then injected into the container where the Au substrate was located, and the 

container under N2 protection was then transferred to a water bath of 30 ºC to allow 

polymerization to occur. Polymerization was stopped by quenching the reaction container in 

an ice bath, and the substrate was removed from the reaction mixture. The substrates were 

thoroughly rinsed and bathed in methanol overnight to remove nonspecifically adsorbed 

monomers. The polymer films formed on the substrates were characterized using 

ellipsometry and attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR). 
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2.2.6. Instrumentation 

An Applied Biosystems Voyager DE-STR MALDI-MS was used to monitor the 

coupling reaction between amino-labeled DNA and the RAFT agent and the reduction of 

disulfide bonds on DNA. The spectra were collected by averaging 100 laser shots in a linear 

positive detection mode using a 20-Hz N2 laser. The optimal MS performance was achieved 

at an accelerating voltage of 25,000 V and 300 ns delay time. A solution of HPA (35 mg/mL), 

diammonium citrate (7 mg/mL), and 10% acetonitrile in water was used as the MALDI 

matrix. DNA solutions were desalted using C18 ZipTips. 

1H and 13C NMR spectra were collected on a Mercury 300 MHz spectrometer. In 1H 

NMR spectra, the monomer vinyl signals of OEGMA were detected at 5.5 and 6.0 ppm. As 

POEGMA formation proceeded, the relative intensity of proton signals in the methacrylate 

backbone at 0.6-1.0 ppm increased, suggesting the formation of polymer. CDCl3 was used as 

the solvent. 

The film thickness was measured using an AutoEL-III Automatic ellipsometer 

(Rudolph Research). The instrument irradiated the substrates at a 70-deg incident angle. The 

refractive index of 1.51 was used for the analysis of the polymer films. All surface 

measurements were conducted with dried samples. Each substrate was measured before and 

after the RAFT reaction, and the difference in film thickness was calculated and attributed to 

film growth. 

Gel Permeation Chromatography (GPC) was performed on a PolymerLab GPC 50 Plus 

instrument equipped with a refractive index detector. Separation was conducted using a Pore 

column (MW operating range 200-2,000,000, nominal particle size 5 µm, PolymerLab). THF 
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was used as the mobile phase at a flow rate of 0.5 mL/min at 30 ºC. The migration time was 

calibrated using polystyrene standards (MW range 580-377,400, PolymerLab). Polystyrene 

(EasiCal PS-2) from PolymerLab was used as the GPC standard and HPLC grade 

tetrahydrofuran (THF) from Fisher Scientific was used as the GPC eluent. Molecular weights 

and poyldispersity indexes (PDI) of the resulting polymers were estimated using the 

PolymerLab software. 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

collected using a Bio-Rad FTS-6000 FT-IR single-beam spectrometer equipped with a 

Miracle AG single reflection horizontal ATR accessory (Pike Technologies, Inc.). Each 

spectrum was recorded at 4-cm-1 resolution with 100 accumulated scans and was normalized 

to the blank of 100 scans collected from an empty ATR cell. All spectra were corrected for 

differences in refractive index using Bio-Rad Win-IR Pro software. 

Surface topography was measured by tapping mode AFM using a Digital Instruments 

Nanoscope IIIa microscope. Images were captured at a scan resolution of 512 points/line, 

scan rate of 0.5 Hz, scan area of 40 µm × 40 µm, and z-range of 200 nm. The drive frequency 

was set approximately to the resonant frequency of the cantilever being used. All cantilevers 

used had a resonant frequency of approximately 72 kHz. 

 

2.3. Results and Discussion 

Scheme 2.2 illustrates the detailed experimental procedure in RAFT-based DNA 

detection: a complementary capture oligonucleotide probe, C (5'-pTAA CAA TAA TCC 

CTC A20-(CH2)3-SH), was immobilized on a Au surface at room temperature. A 
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noncomplementary oligonucleotide (5'-pGGC AGC TCG TGG TGA A20-(CH2)3-SH) was 

immobilized on a separate substrate as the control (NC). To ensure that polymers grow only 

at the specific location where DNA hybridization occurs (spatially distinguishable), the 

RAFT CTAs were directly coupled to the DNA detection probes.24,25 Specifically, CMPs as 

the CTA reagent used throughout our studies was converted to a NHS ester, confirmed by 

NMR: δ 1.6 (s, 12H, the protons of the methyl groups), δ 2.8 (s, 4H, the protons of the 

succinimide ring) in 1H NMR; δ 219.4 (the carbon in thiocarbonyl) and δ 169.6 (the carbons 

of amide) in 13C NMR. This NHS ester was then coupled to the amino groups at the 5'-end of 

the DNA detection probe, D (5'-NH2-(CH2)6-A20 ATC CTT ATC AAT ATT) to form the 

probes CTA-D. The coupling reaction was completed within 1 h with a ~100% conversion 

efficiency, as monitored by mass spectrometry (Δm/z=264, Figure 2.1). Note that the 

coupling reaction was carried out at a stoichiometric 1:1 ratio. No dual coupling product was 

observed at m/z=22,134 (i.e., no formation of DNA-CMP-DNA). During the sensing 

experiments, the target oligonucleotide, C'D' with its sequence complementary to C and 

CTA-D probes (5'-GAG GGA TTA TTG TTA AAT ATT GAT AAG GAT), was hybridized 

to both probes that brought the RAFT CTA reagent close to the surface. To permanently affix 

the RAFT agent at the location where the probe C was immobilized, a T4 ligase was used to 

connect the nicks between the probes C and CTA-D. 

The subsequent RAFT reaction is illustrated in Scheme 2.3: monomethoxy-capped 

OEGMA was used as the monomer for its good water solubility. The 10 mL reaction mixture 

of OEGMA and H2O at a 1:1 volume ratio with 0.004 mmol AIBN as the RAFT initiator was 

kept on an ice bath and purged with N2 to remove residual O2 in the system. The solution was 
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then introduced to a reaction vial containing the DNA-coated substrate, followed by heating 

the solution mixture to 30 ºC. This low reaction temperature was used to ensure chemical 

stability of the Au-thiol interaction in DNA immobilization and to allow slow release of free 

radicals from AIBN.26 The radicals from AIBN attacked the CTA reagents at the distal points 

of DNA molecules to yield CTA-derived radicals, followed by chain growth on the surface in 

a combined “graft-to” and “graft-from” fashion. The reaction was stopped in 2 h by 

removing the substrate from the reaction mixture, followed by rinsing with methanol 

overnight to remove nonspecifically adsorbed polymers and monomers. Similar to the 

previous ATRP-based DNA sensing experiment, direct surface inspection showed formation 

of thick polymer films at the specific spots where the probes C were immobilized as the 

optical clarity changed under room light (Figure 2.2). Visually no film was discernable at the 

spot NC. Quantitative measurements using an ellipsometer indicated that an average of 78-

nm-thick POEGMA film was formed at the spots C after the 2-h reaction, whereas for the 

control spots, NC, an average film thickness of 1.9 ± 0.3 nm was measured, confirming the 

feasibility of using RAFT in polymerization-based DNA sensing. It is important to note that 

the ellipsometric measurements only provide a qualitative readout on positive polymer film 

growth. AFM images of a set of CTA-DNA-coated substrates after a 5-h RAFT reaction 

showed a very rough surface with polymer islands distributed across it (Figure 2.3). The 

intensity scale on the side shows an average of 150+ nm in the height difference for the 

island features. These islands cause severe light scattering, and subsequently allow direct 

visualization of spots C. The control spot showed relatively smaller and fewer surface 

features, and macroscopically no discernable spots visible. In the previously reported ATRP-
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based experiments, a film thickness of less than 15 nm was measured after a 5-h reaction.21 A 

conservative estimate here shows more than an order of magnitude of improvement in 

polymer growth efficiency was realized. Meanwhile, the background signal measured after 

RAFT was less than what was observed from the ATRP assays, probably due to the 

elimination of electrostatic attraction of metal ions on the surface.7 

ATR-FTIR was used to chemically characterize the sensor surface. The infrared 

spectrum of the surface immobilized with CTA-coupled DNA molecules showed a 

characteristic DNA peak at 1670 cm-1 from NH-bending in the amide bonds (Figure 2.4A). 

Additional peaks at 1460 cm-1 from the purine and pyrimidine rings and 1110 cm-1 from the 

DNA phosphodiester backbones were also observed.17,27 Formation of POEGMA on the 

surface was evident from the large increase in the peak intensity at 1720 cm-1 (C=O) (Figure 

2.4B). The increase in the peak intensity at 1110 cm-1 corresponded to the expected C-O 

stretching in POEGMA side chains. Polymer growth in solution can also be monitored using 

1H NMR. Specifically, the chemical shifts at 5.5 and 6.0 ppm corresponding to the vinyl 

groups in OEGMA were monitored by removing a portion of the reaction mixture during 

RAFT. As polymerization proceeded, the intensities of these two shifts decreased. 

Meanwhile, a broad band corresponding to the proton signals of the methacrylate backbone 

at 0.6-1.0 ppm appeared as the polymer reaction proceeded. Similar band formation was 

observed for the ethylene oxide proton signals at 4.0 ppm, confirming the formation of 

POEGMA (Figure 2.5).17,28,29 

To achieve maximal detection sensitivity, preserving the “living” characteristics of 

RAFT would be preferred to allow “infinite” polymer growth, i.e. amplification, when 



 

57 

 

needed. Figure 2.6 shows a linear growth of polymer films as a function of the reaction time, 

suggesting the existence of a controlled/“living” polymerization reaction on the surface. Gel 

permeation chromatographic (GPC) is another technique that is routinely used in polymer 

characterization. The oscillating property of the symmetric CTA reagents used in this study 

allowed polymer growth on the surface and in solution simultaneously. Given the difficulty 

in producing sufficient amount of polymer on a surface for GPC characterization (chain 

density < 1012 molecules/cm2),21 the polymers collected from the reaction mixture in the 

same reaction container were used in GPC, though certain differences in polymer growth 

kinetics and final Mn were suspected.24,25 One of the representative GPC elution 

chromatograms collected from the solution after 300 min RAFT polymerization showed a 

Gaussian-shaped elution band at 14.03 min with an estimated Mn of 31.6K (Figure 2.7). Note 

that this calculated Mn was only a rough estimation due to the use of polystyrene (PS) as the 

standards. The comblike structure of POEGMA was drastically different from that of PS; 

thus a difference in the relationship between hydrodynamic volume and molecular weight 

were suspected.30 Nevertheless, PS standards are routinely used in GPC characterization of 

POEGMA in which the relative values of Mn are valid parameters in the characterization of 

polymers.31 Reaction conversion was calculated by rationing the height of the polymer band 

to that of the monomer, eluted at 18.28 min. A linear relationship was observed when 

reaction conversion was plotted against the reaction time (Figure 2.8A). In the control 

experiment where incubation with noncomplementary target DNA molecules resulted in the 

absence of CTA on the surface the reaction conversion reached the plateau in an hour, 

indicating early termination of free radical polymerization. Another linear plot was obtained 
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by plotting the calculated Mn as a function of conversion, directly confirming the “living” 

nature of polymer growth in solution within the reaction period examined (Figure 2.8B). The 

polydispersity index (PDI) of the elution band at 14.03 min was smaller than 1.1, suggesting 

a narrow size distribution of polymer chains. The calculated PDIs decreased with increasing 

conversion, which was also consistent with the focusing effect of control/“living” radical 

polymerizations. Continuous reaction slowly increased solution viscosity. The gelation is 

suspected to be the result of increased Mn of polymer products as well as the side reactions of 

POEGMA through hydrogen abstraction or coupling reactions.32,33 

It is important to note that the polymer chains in solution had a molecular weight of Mn 

= 31.6K after a 5-h reaction, which were significantly less than what would be expected from 

a polymer film of 207 nm in thickness (measured by ellipsometry).34 In addition to the 

possible errors in film thickness measurements due to surface roughness and GPC 

measurements due to the use of PS standards, we suspect the aforementioned side reactions 

of POEGMA were the main culprit for the much thicker films formed on the surface: the 

ethylene oxide units in POEGMA are known to be prone to radical attacks and to form new 

radicals after losing hydrogen.32,33 The newly formed radicals may participate in fresh 

polymer chain growth or directly couple to other radical-containing polymer chains in 

solution. Consequently formation of branched or cross-linked polymers atop one single DNA 

molecule is suspected, which also explains the observation of large polymer islands on the 

surface (Figure 2.3).36 This speculation is also supported by the slower film growth when 

hydroxyethyl methacrylate (HEMA) was used as the reaction monomer. Interestingly, these 

thick films were still found to semiquantitatively correlate to the amount of polymer 
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materials on a surface, which was used to provide a semiquantitative measurement of DNA 

target molecules. 

Taking advantage of the “living” character of RAFT, detection of low concentrations of 

DNA targets was realized by simply extending polymerization reaction time. Figure 2.9 

shows detection of target DNA (C'D') on a solid support. To monitor nonspecific 

background induced by nonspecific hybridization or non-CTA-regulated polymer growth on 

the surface during the detection, three control experiments were carried out in parallel to 

DNA detection (Figure 2.9): in the first experiment, a Au surface (control C1#) coated with 

noncomplementary probes (NC) was exposed to the same DNA mixture containing the target 

DNA (C'D', 1 μM) and the CTA-coupled detection probes CTA-D (1 μM); the second 

control experiment was carried out with the Au substrate (control C2#) coated with the 

complementary probes C but was exposed to a mixture of the target DNA (C'D', 1 μM) and 

the detection probes D (1 μM) without CTA reagents attached; and the third control was 

conducted with a substrate (control C3#) of the complementary probes C but was exposed to 

a mixture of the target DNA (C’D’, 1 zM, i.e. <1 DNA molecule in the mixture) and the 

CTA-coupled detection probes CTA-D (1 μM). None of these three control substrates 

exhibited meaningful film growth. Figure 2.10 shows the semiquantitative measurements of 

film thicknesses of different substrates undergoing different reaction periods. It is clear that 

by extending the polymerization reaction time different levels of amplification can be 

achieved, i.e. “amplification-at-will”. Under 5-hr reaction, positive detection of target DNA 

at the fM-level (62 ± 36 nm) was unambiguously distinguishable from the background (3 ± 1 

nm), regardless of the large error bars due to semi-quantitative nature of polymerization 
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reactions. Given that an incubation volume of merely 3 μL was used during DNA 

hybridization, this result was equivalent to direct visualization of ~1,800 copies of DNA 

molecules without PCR amplification (Figure 2.11). Direct visualization of a single copy of 

DNA without PCR is theoretically feasible but experimentally limited by Langmuir 

adsorption isotherm. In other words, the ability to reproducibly capture a few molecules in 

the sample solution during DNA hybridization that allows attachment of the CTA reagents to 

the surface imposes the ultimate limit to the achievable sensitivity of this polymerization-

based sensing platform. A linear dynamic range of 9 orders of magnitude for the logarithmic 

DNA concentrations was observed, similar to the literature results using different sensing 

platforms.36 

 

2.4. Conclusions 

In summary, we demonstrated here that RAFT polymerization can be used as an 

effective amplification method in DNA biosensing. The reaction rate was improved without 

compromising detection sensitivity. Direct visualization of less than 2,000 copies of DNA in 

solution was demonstrated for the first time. However, it is important to point out that in 

order to achieve such high detection sensitivity an extended polymerization reaction period is 

needed, which inevitably reduces assay throughput. Faster polymer reactions based on 

branch or star polymer formation, and cross-linking reactions can be explored to address the 

issue. Overall, this amplification-at-will approach provides an inexpensive alternative to 

current ultrasensitive sensing platforms and can be applied to monitor other biological 

interactions beyond the field of genomics. 
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Scheme 2.1. Schematic Illustration of RAFT Reaction Mechanism on the Surface. 
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Scheme 2.2. Schematic Illustration of RAFT-Based DNA Detection. 
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Scheme 2.3. The Chemical Reaction of RAFT Polymerization Grafting on DNA-
Immobilized Surfaces. 
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Table 2.1. Summary of the DNA Sequences Used in this Study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

perfectly matched target DNA 
complementary to probes C and D

5'-GAG GGA TTA TTG TTA AAT ATT GAT 
AAG GATC’D’

noncomplementary capture probes to 
target C’D’

5'-pGGC AGC TCG TGG TGA AA A18-
(CH2)3-S-S-(CH2)2CH3

NC

RAFT agent CTA-coupled D5'-HOOC(CH3)2CCS3C(CH3)2CONH-
(CH2)6-A18 AAA TCC TTA TCA ATA TTCTA-D

detection probe partially complementary 
to D’ portion of target C’D’

5'-NH2-(CH2)6-A18 AAA TCC TTA TCA ATA 
TTD

capture probe partially complementary to 
C’ portion of target C’D’

5'-pTAA CAA TAA TCC CTC AA A18-
(CH2)3-S-S-(CH2)2CH3

C

DescriptionSequenceName
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(CH2)3-S-S-(CH2)2CH3

NC

RAFT agent CTA-coupled D5'-HOOC(CH3)2CCS3C(CH3)2CONH-
(CH2)6-A18 AAA TCC TTA TCA ATA TTCTA-D

detection probe partially complementary 
to D’ portion of target C’D’

5'-NH2-(CH2)6-A18 AAA TCC TTA TCA ATA 
TTD

capture probe partially complementary to 
C’ portion of target C’D’

5'-pTAA CAA TAA TCC CTC AA A18-
(CH2)3-S-S-(CH2)2CH3

C

DescriptionSequenceName
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Figure 2.1. MALDI-MS spectra of DNA probes D before (a) and after (b) the RAFT CTA 
coupling. A mass increase of 264 correlated well with the addition of one CTA moiety per 
probe D. 
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Figure 2.2. A photographic picture of the Au substrates immobilized with the DNA capture 
probes NC (left) or C (right) after DNA C'D' hybridization and 2-hr RAFT polymerization. 
Two spots in replication were clearly visible on the substrate immobilized with the probes C. 
Experimental conditions: [C'D'] =1 μM, [CTA-D] = 1 μM, hybridization volume = 3 µL, 1 h 
hybridization, OEGMA:H2O = 1:1 (v/v), AIBN = 0.004 mmol, T = 30 ºC. 
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Figure 2.3. AFM images of POEGMA film growth on DNA-coated Au substrates after 5-
hour RAFT polymerization. The images are 40 µm × 40 µm. The scale bars showing surface 
roughness are placed on the side of the images. 
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Figure 2.4. ATR-FTIR spectra of CTA-coupled DNA molecules immobilized on a Au 
surface before (A) and after (B) the formation of POEGMA. Experimental conditions: [C'D'] 
=1 μM, [CTA-D] = 1 μM, hybridization volume = 3 µL, 1-h hybridization, OEGMA:H2O = 
1:1 (v/v), AIBN = 0.004 mmol, T = 30 ºC, 2-h RAFT. 
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Figure 2.5. (A) Enlarged 1H NMR spectra of OEGMA and (B) POEGMA to show the 
formation of new proton peaks when polymerization proceeded. CDCl3 was used as the 
solvent. 
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Figure 2.6. A plot of the measured POEGMA film thicknesses on the DNA-coated surfaces 
as a function of polymerization time. A linear fitting was used to guide the eye. The error 
bars were calculated experimental standard deviations from four replicates. Experimental 
conditions: [C'D'] =1 μM, [CTA-D] = 1 μM, hybridization volume = 3 µL, 1-h hybridization, 
OEGMA:H2O = 1:1 (v/v), AIBN = 0.004 mmol, T = 30 ºC. 
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Figure 2.7. A representative GPC chromatogram of POEGMA after 300-min RAFT 
polymerization. The elution peak at 14.03 min corresponded to the polymers with Mn of 
approximately 31.6K and the broad elution peak at 18.28 min corresponded to the monomers 
with 408 MW. 
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Figure 2.8. (A) Evolution of OEGMA conversion as a function of reaction time in RAFT-
assisted DNA detection and (B) plots of calculated Mn and PDI of the polymer products as a 
function of reaction conversion. Both linear fittings were added to guide the eye. 
Experimental conditions: [C'D'] =1 μM, [CTA-D] = 1 μM, hybridization volume = 3 µL, 1-h 
hybridization, OEGMA:H2O = 1:1 (v/v), AIBN = 0.004 mmol, T = 30 ºC. Samples were 
collected at various time intervals from the reaction mixture above the substrates. 
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Figure 2.9. A schematic drawing of three control experiments used in DNA sensing. 
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Figure 2.10. Measured POEGMA film thicknesses plotted against target DNA C’D’ 
concentrations at different RAFT reaction times. The error bars were calculated from four 
replicates. Three control samples were also included (C1-C3). Experimental conditions: [D] 
or [CTA-D] = 1 μM, hybridization volume = 3 µL, 1-h hybridization, OEGMA:H2O = 1:1 
(v/v), AIBN = 0.004 mmol, T = 30 ºC. 
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Figure 2.11. A photographic picture of the Au substrates incubated with the target DNA 
solutions at 1 fM or 1 zM, followed by a 5 h RAFT reaction. 
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CHAPTER 3   KINETICS STUDY OF POLYMER GROWTH ATOP DNA 
MOLECULES VIA RAFT POLYMERIZATION 

 

3.1. Introduction 

Various polymerization reactions have been successfully applied to grow well-defined 

polymer brushes on a solid support. Among them, reversible addition-fragmentation chain 

transfer (RAFT) polymerization, a reversible chain-transfer process facilitated by a chain 

transfer agent (CTA), has attracted great amount of attention in recent years for its versatility 

to work with a wide range of monomers and in yielding various polymer architectures.1,2 

Surface-anchored RAFT polymerization was first demonstrated by derivatizing halogen-

terminated polymers with dithiobenzoyl groups to acquire successful polymer growth on 

silica beads.3 Polystyrene was successfully grafted and the grafting kinetics as a function of 

CTA surface density was studied. Subsequent research on surface-initiated RAFT 

polymerization has expanded the grafting concept to different monomers, CTAs, and 

supporting substrates.4-6 Application-wise, surface-initiated RAFT polymerization has been 

utilized to produce controlled growth of glycopolymers, fabricate surface-active 

membranes/surfaces, and yield complex macromolecular architectures on surface.7-11 

In parallel, synthesizing biomolecule-polymer conjugates is another field receiving great 

attention among polymer chemists for its promising biomedical, microelectronic, and other 

advanced technological applications.12,13 Surface-grafted biopolymer conjugates are of 

particular interest for their potentials in biosensing, drug delivery, high-density microarray 

fabrication, and biomolecule-directed three-dimensional self-assembly.14-19 Preparation of 

biomolecule-containing polymer conjugates using RAFT has been successfully demonstrated, 
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though progress on preparing such hybrid materials on a solid support is still in its infancy.20-

23 

This study reports an investigation of the grafting efficiency of DNA-polymer 

bioconjugates on a solid support using RAFT polymerization. DNA molecules were chosen 

as the model biomolecule for their chemical resilience to RAFT polymerization reagents, 

well-controlled surface attachment chemistry, and the promising potentials in DNA-directed 

biomedical and material applications. Grafting of DNA-polymer bioconjugates were carried 

out by first coupling RAFT CTAs to the distal points of surface-immobilized single-stranded 

DNA molecules (ssDNAs). Under proper reaction conditions, controlled growth of polymer 

chains occurred atop DNA molecules to form DNA block copolymers on the surface. The 

formed polymer film was characterized using ellipsometry and attenuated total reflection-

Fourier transform infrared spectroscopy (ATR-FTIR). Polymer growth conditions were 

systematically varied to understand the roles played by each experimental variable in 

biomolecule-containing polymer formation on a solid surface. 

 

3.2. Experimental Section 

3.2.1. Materials 

Au substrates (50 Å chrome followed by 1000 Å gold on float glass) were purchased 

from Evaporated Metal Films (Ithaca, NY). Dithiothreitol (DTT), triethylamine (TEA), 6-

mercapto-1-hexanol (MCH), 1-undecanethiol, N-hydroxysuccinimide acid (NHS), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC), 3-hydroxypicolinic acid (3-HPA), 

diammonium citrate, dichloromethane, dioxane, N,N-dimethylformamide (DMF), and 
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azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich (St. Louis, MO) and used 

as received. 2-(1-Carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-methyl propionic 

acid (CMP) was a gift from Noveon (Cleveland, OH). Monomethoxy-capped oligo(ethylene 

glycol) methacrylate (OEGMA; mean degree of polymerization, 7-8) was a gift from Cognis 

Ltd. (Hythe, U.K.). 2-Hydroxyethyl methacrylate (HEMA, 99%) was purchased from Sigma-

Aldrich. OEGMA and HEMA were purified by removing methyl hydroquinone inhibitor 

using a column packed in house. Single-stranded DNA (ssDNA), 5' NH2-C6-TAA-CAA-

TAA-TCC-CTC-AAA-AAA-AAA-AAA-AAA-AAA-AA-C3-S-S-C3-OH, was purchased 

from Integrated DNA Technologies, Inc. (Coralville, IA). 11-Amino-1-undecanethiol was 

purchased from Dojindo (Kumaoto, Japan). Micro Bio-Spin 30 columns were purchased 

from Bio-Rad Laboratories for DNA purification. C18ZipTip was purchased from Millipore 

for DNA desalting before MALDI-TOF MS measurements. 

 

3.2.2. Immobilization of CTA-Coupled ssDNA on Gold 

NHS-coupled CTA was prepared by adding a 5-mL mixture of NHS (0.10 M) and EDC 

(0.10 M) in dioxane dropwise to a 5-mL solution of CMP (0.10 M) in dichloromethane at 

0 °C. The reaction mixture was then stirred at room temperature for 1 h, followed by filtering 

to remove any precipitates, washing with saturated NaHCO3 and water sequentially. The 

final product was dried over MgSO4 before evaporation in vacuo that resulted in a crude 

yellow solid product. Its expected structure was confirmed by NMR. 1H NMR (CD3Cl, 300 

MHz): δ 1.6 (s, 12H), 2.8 (s, 4H), 10.3 (s, 1H) and 13C NMR (CD3Cl, 300 MHz): 25.4, 25.8, 
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53.8, 55.5, 169.6, 173.0, 174.7, 219.4. This crude NHS active ester was used in subsequent 

experiments without further purification. 

CTA-coupled DNA was prepared by first adding 0.3 nmol of ssDNA (3 µL) and 5 µL 

conjugation buffer (1.0 M NaHCO3/Na2CO3, pH 9.0) to a centrifuge tube, followed by 

addition of the freshly prepared 10 µL CTA ester solution (10 mg/mL in DMF). The 

coupling reaction was finished in 30 min at room temperature with ~100% coupling 

efficiency. Without further purification, 0.1 M DTT (25 µL) in TEA was added to the 

coupling reaction mixture to cleave the disulfide bond at the 3' end of ssDNA and generate a 

free thiol group for surface immobilization.24 The reduction was completed in 20 min. The 

modified ssDNA was purified in a Micro Bio-Spin 30 column. The final concentration of 

purified ssDNA was determined by the UV-vis absorption measurement at 260 nm. MALDI-

TOF MS was used to monitor coupling and reducing efficiency by measuring the amount of 

oligonucleotides before and after the coupling and reducing reactions. 

The Au substrates were cleaned in a piranha solution prior to use (70% H2SO4, 30% 

H2O2, hazardous solution, potentially explosive, handle with care!). Freshly reduced CTA-

coupled ssDNA (3' HS-C3-A20 CTC CCT AAT AAC AAT-C6-

NHCOC(CH3)2SCSSC(CH3)2COOH) at 1 µM in KH2PO4 (1 M, pH 4.4) was spotted onto a 

Au substrate at room temperature and incubated in a humidity chamber for 16-20 h. 

Typically, 3 µL of ssDNA solution was spotted per spot, and the resulting spot size was 3-4 

mm in diameter. Freshly reduced ssDNA of the same sequence without CTA (i.e., 3' HS-C3-

A20 CTC CCT AAT AAC AAT-C6-NH2) was spotted onto a separate Au substrate and used 
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as the control. Both surfaces were then incubated in a 1 mM MCH aqueous solution for 1 h, 

followed by copious rinsing with DI water and drying under N2. 

 

3.2.3. Immobilization of CTA-Coupled Small Molecules on Gold 

CTA-coupled small molecules HS-(CH2)11-NHCOC(CH3)2SCSSC(CH3)2COOH were 

prepared via direct coupling of HS-(CH2)11-NH2 with CTA ester. A Au substrate was then 

incubated in 1 mM CTA-coupled small molecules in 95% ethanol for 48 h. Another substrate 

was incubated in a solution of the same molecule without CTA (i.e., HS-(CH2)11-NH2) and 

was used as the control. 1-Undecanethiol (HS-(CH2)10-CH3) was used as the surface diluting 

reagent to control the CTA density. 

 

3.2.4. Surface-Initiated RAFT Polymerization 

In a typical surface-initiated RAFT polymerization, a solution of OEGMA (5 mL, 13.2 

mmol), DI H2O (5 mL), and AIBN initiator (0.004 mmol) was purged with N2 for 30 min in 

an ice bath to reduce the amount of O2 in the reaction system. The DNA-immobilized Au 

substrate was placed in a glass reaction vial and also degassed by purging N2 for 30 min. The 

OEGMA mixture was then injected into the reaction vial where the Au substrate was located, 

and the vial under N2 protection was transferred to a water bath of 30 ºC to allow 

polymerization to occur. Similar reaction conditions were used for HEMA polymerization. 

For the kinetics studies, multiple substrates of the same surface chemistry were placed in 

separate reaction vials, and the reactions were conducted in parallel. At different time points, 

only one substrate was removed from the reaction, whereas the rest of substrates remained 



 

84 

 

sealed for continuous polymer growth. The substrate that was taken out of the reaction vial 

was thoroughly rinsed and bathed in methanol overnight to remove nonspecifically adsorbed 

materials on the surface. Four replicates were run for each experimental point to calculate 

experimental standard deviations. 

 

3.2.5. Instrumentation 

An Applied Biosystems Voyager DE-STR MALDI-MS was used to monitor the 

coupling reaction between amino-labeled DNA and the RAFT CTA agent and the reduction 

of disulfide bonds on DNA. The spectra were collected by averaging 100 laser shots in a 

linear positive detection mode using a 20 Hz N2 laser. The optimal MS performance was 

achieved at an accelerating voltage of 25,000 V and 300 ns delay time. A solution of HPA 

(35 mg/mL), diammonium citrate (7 mg/mL), and 10% acetonitrile in water was used as the 

MALDI matrix. DNA solutions were desalted using C18 ZipTips prior to MS characterization. 

The film thickness was measured using an AutoEL-III Automatic ellipsometer (Rudolph 

Research). The instrument irradiated the substrates at a 70º incident angle. The reflective 

index of 1.51 was used for polymer films. All surface measurements were conducted with 

dried samples. Each substrate was measured before and after the RAFT reaction, and the 

averaged difference in film thickness was calculated and attributed to film growth. 

Attenuated total reflectance (ATR) Fourier transform infrared spectra were collected 

using a Bio-Rad FTS-6000 FT-IR single-beam spectrometer equipped with a Miracle AG 

single reflection horizontal ATR accessory (Pike Technologies, Inc.). Each spectrum was 

recorded at 4 cm−1 resolution with 100 accumulated scans and was normalized to the blank of 
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100 scans collected from an empty ATR cell. All spectra were corrected for differences in 

refractive index using Bio-Rad Win-IR Pro software. 

Gel permeation chromatography (GPC) was performed on a PolymerLab GPC 50 Plus 

instrument equipped with a refractive index detector (Varian, Inc.). Separation was 

conducted using a Pore column with MW operating range 200–2,000,000 (nominal particle 

size 5 µm, PolymerLab). HPLC-grade tetrahydrofuran (THF) from Fisher Scientific was used 

as the mobile phase at a flow rate of 1.0 mL/min at 30 °C. The migration time was calibrated 

using commercial polystyrene standards (EasiCal PS-2, PolymerLab, MW range 580–

377,400, PolymerLab). Molecular weights and poyldispersity indexes (PDI) of the resulting 

polymers were estimated using the program provided by the instrument manufacturer. 

1H and 13C NMR spectra were collected on a Mercury 300 MHz spectrometer (Varian, 

Inc.) with CDCl3 as the solvent. 

 

3.3. Results and Discussion 

To examine the formation of polymer bioconjugates on a solid support, single-stranded 

DNA molecules (ssDNAs) were used as the model molecule to study surface-anchored 

polymer growth (Scheme 3.1). The DNA molecules contained dual functional groups to 

allow CTA coupling to the 5'-end amino group and surface immobilization with the 3'-end 

thiol group. The same ssDNA molecule without CTA coupled at the 5’ end was used as the 

control for background subtraction. 

Scheme 3.2 illustrates the chemical steps used in preparing CTA-coupled ssDNA 

molecules: 2-(1-carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-methyl-propionic 
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acid (CMP), a trithiocarbonate CTA compound, was chosen for its water solubility. CMP 

was mixed with the amino-terminated DNA molecules at a 1:1 stoichmetric ratio in the 

presence of EDC/NHS. Formation of CTA-coupled DNA molecules was confirmed by 

MALDI-MS (Figure 3.1). The MS signal at m/z = 11,168 was the molecular ion peak of 

unmodified ssDNAs. It shifted to m/z = 11,432 upon CTA coupling, an increase of Δm/z = 

264 equivalent to the addition of one CMP moiety per DNA molecule. Despite the symmetric 

presence of two carboxylic acid moieties in CTA, the absence of MS signal at m/z = 22,582 

(i.e., DNA-CTA-DNA) suggested that the majority CTA:DNA conjugates remained at the 

stoichmetric 1:1 ratio, consistent with the feeding ratio of two reaction agents. Given thiol-

Au interaction provides faster and more reproducible immobilization of thiolated molecules 

on a Au surface than disulfide-Au interaction or nondesired trithiocarbonate attachment to 

Au (i.e., CTA breakdown), the disulfide bond at the 3'-end of the DNA molecule was 

subsequently cleaved, leading to the back shift of the MS peak to m/z = 11,342, along with 

the disappearance of the MS peak at m/z = 11,432. 

CTA-coupled DNA molecules were then separated from free CTA and the solution was 

drop-coated onto a Au substrate in replicates. Non-CTA-labeled DNA molecules of the same 

sequence were drop-coated on a separate Au substrate as the control. Both substrates were 

placed in a reaction vial containing a N2-purged solution of OEGMA (5 mL, 13.2 mmol), DI 

H2O (5 mL), and AIBN (0.004 mmol). After a 5 h RAFT polymerization, a layer of 

POEGMA film was formed at the specific spots where CTA-coupled DNA molecules were 

immobilized. The thick polymer film altered surface reflectivity, changed surface opacity, 

and made the spots directly visible to the naked eye (Figure 3.2). In contrast, visually no 
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polymer material was discernable on the control spots where non-CTA-coupled DNA was 

immobilized. Quantitative measurements of both substrates show that an average of 212 nm 

thick POEGMA film was formed at the reaction spots, whereas for the control spots the 

average film thickness was 1.35 ± 0.03 nm. Chemical specificity of the formed film was 

characterized using ATR-FTIR (Figure 3.3): the infrared spectra of DNA-immobilized 

surfaces prior to CTA conjugation showed a characteristic DNA peak at 1650 cm-1 from 

exocyclic -NH2 bending. Additional peaks at 1460 cm-1 from the purine and pyrimidine rings 

and 1110 cm-1 from DNA phosphodiester backbones were also observed. An increase in peak 

intensity at 1670 cm-1 was observed from CTA-coupled DNA molecules from NH-bending in 

the amide bond. After RAFT, the formation of POEGMA on the surface was confirmed by a 

large increase in the peak intensity at 1720 cm-1 (C=O). An additional peak at 1110 cm-1 was 

consistent with the expected C-O stretching in the polymer side chains. Additional surface 

characterization using atomic force microscopy also confirmed positive polymer growth on 

the surface beyond non-specific adsorption (Figure 3.4). 

During RAFT initiation, free radicals generated from AIBN in the bulk solution diffused 

to the surface and interacted with CTA to form regenerative radials.25 Although the absolute 

amount of initiators in solution was much higher than CTA, the amount of immobilized CTA 

near the surface was in excess over the free radicals generated from AIBN decomposition. 

Specifically, a radical concentration of 8.3 × 10-7 M was estimated from AIBN 

decomposition at 30 °C (half-life 100000 min at 30 °C, 5 h reaction). For CTA-modified 

DNA molecules on a surface, it has been quantified that the surface density of DNA-CTA 

would be 5 × 1012 molecules/cm2.26,27 The concentration of CTA in the volume extending 
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to a 10 μm depth (an overestimate that well exceeds the reaction range of CTA when it was 

anchored on the surface) was calculated to be 8.33 × 10-6 M ([CTA]local = (density × 

S)/(depth × S × NA) = n/V = (5 × 1012 molecules/cm2 × 102 cm2 /dm2 × π × (0.15 cm)2)/(10 

μm × 10-5 dm/μm × π × (0.15 cm)2 × NA) = 8.33 × 10-6 M), which was equivalent to 

[CTA]/[radical] of 10:1. The ratio would be higher, considering the typical reaction layer 

for surface-immobilized species is <10 nm. Note a large CTA-to-radical ratio is always more 

desirable in RAFT to control the reaction rate and to reduce free radical polymerization. 

Consequently, in our study, CTA remained the dictating factor to mediate polymer growth 

rate, confirmed by the linear increase in the polymer film thicknesses as a function of 

reaction time, characteristic of RAFT reaction (Figure 3.5). 

Figure 3.6 shows a representative gel permeation chromatography (GPC) elution profile 

of polymer chains formed after 5 h RAFT polymerization. A relatively narrow molecular 

weight distribution was observed and the polydispersity index (PDI) of the elution band was 

calculated. The molecular weights (Mn) of the products were estimated using polystyrene (PS) 

as the standard. Note that the comb-like structure of POEGMA was hydrodynamically 

different from that of PS, which could lead to different mathematic correlation between 

hydrodynamic volumes and molecular weights.28 Nevertheless, PS standards have been 

routinely used in GPC characterization of POEGMA in which the relative values of Mn are a 

valid parameter in the characterization of polymers.29 Reaction conversion was calculated by 

rationing the height of the polymer peak to that of the monomer. A clear linear correlation 

was obtained after plotting the calculated Mn against monomer conversion. Meanwhile, the 

polydispersity index (PDI) of the elution band decreased slightly with increasing conversion. 
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Both observations are characteristics of controlled/“living” polymer growth in a successful 

RAFT polymerization reaction (Figure 3.7). Figures 3.8A and 3.8B show the evolution of the 

polymerization rate (Rp) as a function of reaction time and monomer conversion (Rp = -

d[M]/dt = [M]0 dx/dt = ([M]0 - [M]t)/t, where x is conversion, t is reaction time, [M] is the 

monomer concentration, and [M]t = [M]0(1-conversion rate)). Initial growth retardation was 

observed, probably due to the presence of residual oxygen in the reaction mixture and the 

slow diffusion of AIBN radicals to the surface. Polymer growth began after this short 

retardation period and the Rp value rose rapidly until it stabilized at ~10-4 M-1 s-1. When the 

monomers were consumed beyond ~20%, the Rp value started to decrease slowly, probably 

due to increased termination.30,31 

Several RAFT experimental conditions were varied to study their roles on the grafting 

efficiency of DNA-polymer conjugates. The effect of the reaction temperature was illustrated 

in Figure 3.9: negligible polymer growth was observed when the solution temperature was 

below the thermal decomposition point of azo-initiators. An increase in the solution 

temperature above 20 ºC led to generation of a sufficient amount of radicals that positive 

polymer chain growth was measurable. As previously discussed, only a small percentage of 

initial AIBN was dissociated to generate radicals. Therefore CTA remained as the more 

concentrated species near the surface and the polymerization proceeded in the controllable 

fashion. The notion that surface-anchored CTAs were the primary regulating factor to control 

the polymer growth is supported by the observation that a moderate increase in the solution 

temperature, that is, an increased concentration of free radicals in the system, did not 

translate to faster polymer growth. Free radical polymerization in solution, as the side 
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reaction, may increase with raised temperature but its impact on surface grafting was 

inconsequential for the reaction period studied. When the system temperature further 

increased, free radical polymerization in solution rapidly consumed the monomers and 

formed high MW polymers that increased solution viscosity. Consequently no polymer 

growth was observed on the surface. 

Figure 3.10 shows the study of the concentration effect of AIBN on polymer growth. 

The increase of the initiator concentration resulted in an increase in free radicals in the 

system, for which the termination rate increased faster than the propagation rate.32,33 The 

increase of radicals in solution also led to free radical polymerization that competed for 

monomers. As a result, when [AIBN] increases the polymer film thickness decreases. In 

contrast, the film thickness is found to be positively affected by the density of CTA on the 

surface. Assuming a similar diffusion rate for DNA molecules of the same sequence but 

slightly different end-groups, the surface density of CTA-DNA molecules was diluted from 1 

ppb to 100% with the same amino-DNAs without CTA. Figure 3.11 shows that the polymer 

film thickness initially decreased fast at approximately 15 nm per order of magnitude change 

in surface grafting density. The decrease slowed down when the surface grafting density 

reduced to less than 1 ppm (i.e., 1 pM CTA-DNA in 1 µM unmodified amino-DNA). Given 

the polymer propagation rate is proportional to the concentration of radicals, this slow-down 

in the decreasing rate suggests that the presence of free radical polymerization, as the 

competing side reaction happening in parallel, became more pronounced. It is not unexpected, 

however, considering the amount of CTA on the surface at this point was diluted to the ppm-

level, much less than the amount of free radicals diffused to the surface. The less condensed 
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polymer chains formed on the surface of lower density also decreased steric hindrance and 

allowed long chain polymers to be formed. Reduction in chain termination was the third 

possible explanation to the observation when the polymer chains were further apart from 

each other. 

It is important to note that faster grafting kinetics in the presence of DNA molecules, 

even at a relatively low grafting density, was clearly observed. Comparing to a surface 

modified with a small molecule coupled with CTA, HS-(CH2)11-NH-CO-

C(CH3)2SC(=S)SC(CH3)2-COOH, Figure 3.12 shows orders of magnitude more materials 

were grafted to the DNA-coated surfaces. HEMA is another commonly used water-soluble 

monomer in controlled polymerization.34-36 Similar results were observed when HEMA was 

used as the grafting monomer, indicating the observed DNA-accelerated polymer growth is 

independent of the monomer selection (Figure 3.13). We suspect that the highly charged 

DNA backbones help to stabilize the radicals near the surface and extend the lifetime of 

radicals during chain propagation, which in turn enable more effective polymer growth. 

Hydrogen bonding or other noncovalent interactions between DNA and OEGMA monomers 

could also contribute to the increase polymer growth efficiency by increasing the local 

monomer concentration and aligning the monomers into preferred orientation for chain 

growth.37 Further mechanism investigation of the mechanism behind DNA-accelerated 

RAFT kinetics is under way. 
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3.4. Conclusions 

Synthesis of DNA-polymer bioconjugates on a solid surface was successfully 

demonstrated using RAFT polymerization. Dual-functionalized DNA molecules were used as 

the anchor molecules to covalently immobilize the RAFT agent on a Au surface. Successful 

growth of POEGMA and PHEMA to form DNA-polymer hybrids on surface were 

demonstrated, confirmed by ellipsometric and IR characterization. The RAFT polymerization 

conditions, such as reaction temperature, initial initiator concentration, and CTA surface 

density, were found to play important roles in the polymer growth process. A significantly 

improved grafting rate atop DNA molecules suggested the possible contribution of DNA 

chemical structures in radical stabilization as well as radical transferring, but further 

investigation is needed to examine such hypotheses. This reported method established a 

versatile methodology to prepare hybrid biomaterial-containing polymers on a solid support 

and likely in solution as well. Potential applications in polymer-biomolecule interaction 

studies, biosensing, and DNA-assisted molecular assembly are envisioned. 
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Scheme 3.1. DNA-Polymer Conjugates Grafted on the Surface Using RAFT Polymerization. 
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Scheme 3.2. Chemical Steps in Preparation of CTA-Coupled ssDNA Molecules. 
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Figure 3.1. MALDI-MS spectra of (a) ssDNA, (b) CTA-coupled ssDNA, and (c) CTA-
coupled ssDNA after thiol reduction. 
 

 

 

 

 

 

 

 

 



 

96 

 

 

a b

c d

5  m m

a b

c d

a b

c d

5  m m
 

 

Figure 3.2. A photographic picture of four substrates in the different stages of RAFT 
polymer grafting atop DNA molecules: (a) the reaction spots before reaction, (b) the control 
spots before reaction, (c) clear polymer growth was observed from two spots where CTA-
coupled DNA was immobilized, and (d) the control spots where non-CTA-coupled DNA was 
immobilized after RAFT reaction. 
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Figure 3.3. ATR-FTIR spectra of (a) a pure Au surface, (b) a ssDNA-coated Au surface, (c) 
a CTA-coupled ssDNA-coated Au surface, (d) formation of POEGMA atop ssDNAs on the 
Au surface, and (e) formation of PHEMA atop ssDNAs on the Au surface. 
 

 

 

 

 

 

 



 

98 

 

 

        

 

Figure 3.4. AFM images of POEGMA film growth on DNA-coated Au substrates for (A) 
control and (B) reaction after 5-h RAFT polymerization. The images are 40 µm × 40 µm. 
The scale bar showing surface roughness is placed on the side of the images. 
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Figure 3.5. POEGMA film thicknesses as a function of polymerization time on CTA-
coupled ssDNA-coated substrates (□) or ssDNA-coated substrates without CTA, as the 
control (○). The error bars were calculated from four replicates. 
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Figure 3.6. Representative GPC chromatogram of POEGMA formed after 5 h RAFT 
polymerization. The elution peak at 7.02 min corresponded to the polymers with Mn of 
approximately 29.6K MW. 
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Figure 3.7. Calculated Mn and PDI of the polymer products as a function of monomer 
conversion. 
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Figure 3.8. (A) Plot of the rate of polymerization (Rp) as a function of reaction time and (B) 
plot of Rp as a function of monomer conversion during RAFT polymerization atop DNA 
molecules. 
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Figure 3.9. Plots of POEGMA film thicknesses as a function of polymerization temperature 
from CTA-coupled ssDNA-coated substrates (□) or ssDNA-coated substrates without CTA 
as the control (○). 
 

 

 

 

 

 

 

 

 



 

104 

 

 

0.4 0.8 1.2 1.6 2.0

0

50

100

150

200

Th
ic

kn
es

s 
(n

m
)

[AIBN] (M) 
 

 

Figure 3.10. Plots of POEGMA film thicknesses as a function of initiator concentration from 
CTA-coupled ssDNA-coated substrates (□) or ssDNA-coated substrates without CTA as the 
control (○). 
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Figure 3.11. Plots of POEGMA film thicknesses as a function of CTA surface density from 
CTA-coupled ssDNA/ssDNA-coated substrates (□) or ssDNA-coated substrates without CTA 
as the control (○). 
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Figure 3.12. Plots of POEGMA film thicknesses as a function of polymerization time from 
CTA-coupled ssDNA-coated substrate (□), CTA-coupled small molecule-coated substrate at 
full coverage (○), and CTA-coupled small molecule-coated substrate at the same surface 
CTA density as CTA-coupled ssDNA-coated substrates (Δ). 
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Figure 3.13. Plots of PHEMA film thicknesses as a function of polymerization time from 
CTA-coupled ssDNA-coated substrate (□), CTA-coupled small molecule-coated substrate at 
full coverage (○), and CTA-coupled small molecule-coated substrate at the same surface 
CTA density as CTA-coupled ssDNA-coated substrates (Δ). 
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CHAPTER 4   MECHANISM STUDY OF DNA-ACCELERATED RAFT 
POLYMERIZATION ON SURFACE 

 

4.1. Introduction 

Reversible addition-fragmentation chain transfer (RAFT) polymerization has been 

established as a versatile controlled/”living” radical polymerization tool. Particularly, the 

superiority of RAFT polymerization for the bioconjugation lies in the absence of metal 

catalysts, the compatibility with various functional groups, and the similarity to conventional 

free radical polymerizations.1-6 Recently, surface-initiated polymer growth via RAFT 

polymerization as signal amplification has been successfully conducted to distinguish 

specific DNA sequences visible to the naked eyes.7 At the same time, the kinetics of surface-

initiated polymer growth atop DNA was systematically investigated for surface-grafting 

efficiency studies.8 Surprisingly, DNA molecules drastically accelerate polymer growth 

compared with polymer growth atop small molecules at the same surface density. However, 

the detailed mechanism behind this phenomenon has yet to be extensively investigated. 

Meanwhile, the acceleration phenomenon has been observed for the polymerization of 

monomers in template polymerization.9 Template polymerization describes the organization 

of monomer units with the aid of an existing macromolecule as the template in the same 

reaction system.10,11 This concept was originally used by Szwarc in 1954 and it rapidly 

expands from simple polymeric template to biomacromolecular template for the polymer 

synthesis.12 Polymerization of acrylic acid or methacrylic acid is the representative example 

of template radical polymerization firstly studied in 1968, followed by the detailed 

investigation for different experimental systems.13,14 Compared with the rate in non-
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templated polymerization, template polymerization rate increases 2-5 folds. The 

enhancement rate also depends on the type of templating macromolecules and the interaction 

between monomer units or oligomers and template. Nucleobase-templated polymerization 

efficiently generated the controlled polymer chain with high molecular weight and narrow 

molecular weight distribution.15 Single-stranded DNA served as supramolecular 

polymerization template for naphthalene derivatives to yield monodisperse DNA-polymer 

hybrids with a supramolecular naphthalene backbone.16 The radical polymerization of 

synthetic monomers onto biological templates was used to prepare bioartificial polymeric 

materials with enhanced polymerization rate.17 According to the template polymerization 

theory, the monomer units line up adjacently with the complexation with the template, 

followed by the initiation from a radical in the local area to one monomer in the queue and 

the rapid chain propagation along the template. The stereochemistry of the template polymer 

has an important effect on the rate enhancement and the effect of template stereochemistry on 

polymerization rate varies with several factors including ionic strength, pH value, and solvent 

composition. For example, different solvents showed various abilities to stabilize 

poly(acrylic acid) template structure and form molecular complexes with the monomers, 

which significantly affect the rate of polymerization.18 The chemical structures of monomers 

and templates also significantly affect the interaction between monomers and templates. For 

example, the polymerization rate for N-vinylimidazole with poly(methyl methacrylate) 

template changed with different configurations such as isotactic, syndiotactic, and atactic.19,20 

In fact, DNA serving as templates with specific binding sites is popularly used to 

efficiently form assemblies and polymers with defined sizes or units. The selective growth of 
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CdS semiconductor nanoparticles on a circular DNA molecule established DNA-templated 

formation of nanomaterials by electrostatic adsorption.21 The same interaction was applied to 

produce a 12 µm long and 100 nm wide conductive silver wire on a 16 µm long λ-DNA 

template which was pre-connected across two microfabricated gold electrodes.22 DNA 

molecular lithography also allows localization of carbon nanotubes to produce DNA-

templated carbon nanotube field-effect transistors.23 At the same time, DNA-templated 

organic synthesis has been widely utilized to generate synthetic molecules and the first 

example was the nucleotide ligation directed by a DNA template.24 Photoinduced [2+2] 

cycloaddition is a representative example to serve as the most common reaction for DNA-

templated organic synthesis of base analogues.25 By generating a polymer on the DNA 

template strand by living radical polymerization methods, DNA-templated polymerization 

can possibly result in the new approach for rapid polymer-grafting technique. However, to 

our knowledge, this approach, which would significantly enhance the polymerization rate of 

living polymers, has not been systemically studied, though we have reported the observation 

of DNA-accelerated polymer growth on surface.8 

This study reports a mechanistic investigation of DNA-accelerated polymer growth on a 

solid surface where we believe DNA serves as a template in recruiting and organizing the 

monomers prior to polymer formation. The polymer growth environmental factors, including 

ionic strength, pH value, and solvent composition, are varied to examine their impacts on 

DNA template effect on polymer growth with the measurements of polymer film thickness 

on surface by ellipsometry technique. Except external conditions, the chemical structures of 

monomers and DNA templates, such as charge property, DNA sequence and length, were 
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also studied. Compared to polymer growth atop DNA in atom transfer radical polymerization 

(ATRP) system, the experimental results suggest that “pick-up” mechanism in template 

polymerization could play a critical role on RAFT reaction system due to existing 

propagating oligoradicals from free initiators, leading to an enhanced polymerization rate in 

varying degrees. 

 

4.2. Experimental Section 

4.2.1. Materials 

Au substrates (50 Å chrome followed by 1000 Å gold on float glass) were purchased 

from Evaporated Metal Films (Ithaca, NY). Dithiothreitol (DTT), triethylamine (TEA), 6-

mercapto-1-hexanol (MCH), 1-undecanethiol, N-hydroxysuccinimide acid (NHS), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC), dichloromethane, dioxane, N,N-

dimethylformamide (DMF), ethanol, sodium chloride, sodium methacrylate, 

azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich (St. Louis, MO) and used 

as received. 2-(1-Carboxy-1-methylethylsulfanylthiocarbonylsulfanyl)-2-methyl propionic 

acid (CMP) was a gift from Noveon (Cleveland, OH). 2-Hydroxyethyl methacrylate (HEMA, 

99%) was purchased from Sigma-Aldrich and purified by removing methyl hydroquinone 

inhibitor using a column packed in house. Single-stranded DNA (ssDNA), 5' NH2-C6-TAA-

CAA-TAA-TCC-CTC-AAA-AAA-AAA-AAA-AAA-AAA-AA-C3-S-S-C3-OH, 5' NH2-C6-

AAA-AAA-AAA-AAA-AAA-AAA-AAA-TCC-TTA-TCA-ATA-TT-C3-S-S-C3-OH, 5' 

NH2-C6-TAA-CAA-TAA-TCC-CTC-CCC-CCC-CCC-CCC-CCC-CCC-CC-C3-S-S-C3-OH, 

5' NH2-C6-TAA-TCC-CTC-AAA-AAA-AA-C3-S-S-C3-OH, were purchased from Integrated 
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DNA Technologies, Inc. (Coralville, IA). 11-Amino-1-undecanethiol was purchased from 

Dojindo (Kumaoto, Japan). Micro Bio-Spin 30 columns were purchased from Bio-Rad 

Laboratories for DNA purification. 

 

4.2.2. Immobilization of CTA-Coupled ssDNA on Gold 

NHS-coupled CTA was prepared by adding a 5-mL mixture of NHS (0.10 M) and EDC 

(0.10 M) in dioxane dropwise to a 5-mL solution of CMP (0.10 M) in dichloromethane at 

0 °C. The reaction mixture was then stirred at room temperature for 1 h, followed by filtering 

to remove any precipitates, washing with saturated NaHCO3 and water sequentially. The 

final product was dried over MgSO4 before evaporation in vacuo that resulted in a crude 

yellow solid product. Its expected structure was confirmed by NMR.  1H NMR (CD3Cl, 300 

MHz): δ 1.6 (s, 12H), 2.8 (s, 4H), 10.3 (s, 1H) and 13C NMR (CD3Cl, 300 MHz): 25.4, 25.8, 

53.8, 55.5, 169.6, 173.0, 174.7, 219.4. This crude NHS active ester was used in subsequent 

experiments without further purification. 

CTA-coupled DNA was prepared by first adding 0.3 nmol of ssDNA and 5 µL 

conjugation buffer (1.0 M NaHCO3/Na2CO3, pH 9.0) to a centrifuge tube, followed by 

addition of the freshly prepared 10 µL CTA ester solution (10 mg/mL in DMF). The 

coupling reaction was finished in 30 min at room temperature with ~100% coupling 

efficiency. Without further purification, 0.1 M DTT (25 µL) in TEA was added to the 

coupling reaction mixture to cleave the disulfide bond at the 3' end of ssDNA and generate a 

free thiol group for surface immobilization.26 The reduction was completed in 20 min. The 
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modified ssDNA was purified in a Micro Bio-Spin 30 column. The final concentration of 

purified ssDNA was determined by the UV-vis absorption measurement at 260 nm. 

The Au substrates were cleaned in a piranha solution prior to use (70% H2SO4, 30% 

H2O2, hazardous solution, potentially explosive, handle with care!). Freshly reduced CTA-

coupled ssDNA at 1 µM in KH2PO4 (1 M, pH 4.4) was spotted onto a Au substrate at room 

temperature and incubated in a humidity chamber for 16-20 h. Typically, 3 µL of ssDNA 

solution was spotted per spot, and the resulting spot size was 3 to 4 mm in diameter. Freshly 

reduced ssDNA of the same sequence without CTA was spotted onto a separate Au substrate 

and used as the control. Both surfaces were then incubated in a 1 mM MCH aqueous solution 

for 1 h, followed by copious rinsing with DI water and drying under N2. 

 

4.2.3. Immobilization of CTA-Coupled Small Molecules on Gold 

CTA-coupled small molecules HS-(CH2)11-NHCOC(CH3)2SCSSC(CH3)2COOH were 

prepared via direct coupling of HS-(CH2)11-NH2 with CTA ester. A Au substrate was then 

incubated in 1 mM CTA-coupled small molecules in 95% ethanol for 48 h. Another substrate 

was incubated in a solution of the same molecule without CTA (i.e. HS-(CH2)11-NH2) and 

was used as the control. 1-Undecanethiol (HS-(CH2)10-CH3) was used as the surface diluting 

reagent to control the CTA density. 

 

4.2.4. Surface-Initiated RAFT Polymerization 

In a typical surface-initiated RAFT polymerization, a solution of HEMA (5 mL, 38.5 

mmol), DI H2O (5 mL) and AIBN initiator (0.004 mmol) was purged with N2 for 30 min in 
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an ice bath to reduce the amount of O2 in the reaction system. The DNA-immobilized Au 

substrate was placed in a glass reaction vial and also degassed by purging N2 for 30 min. The 

HEMA mixture was then injected into the reaction vial where the Au substrate was located, 

and the vial under N2 protection was transferred to a water bath of 30 ºC to allow 

polymerization to occur. For the experimental condition studies, multiple substrates of the 

same surface chemistry were placed in separate reaction vials, and the reactions were 

conducted in parallel. The substrate that was taken out of the reaction vial was thoroughly 

rinsed and bathed in methanol overnight to remove nonspecifically adsorbed materials on the 

surface.  Four replicates were run for each experimental point to calculate experimental 

standard deviations. 

 

4.2.5. Instrumentation 

The film thickness was measured using an AutoEL-III Automatic ellipsometer (Rudolph 

Research). The instrument irradiated the substrates at a 70º incident angle. The reflective 

index of 1.51 was used for polymer films. All surface measurements were conducted with 

dried samples. Each substrate was measured before and after the RAFT reaction, and the 

difference in film thickness was calculated and attributed to film growth. 

1H and 13C NMR spectra were collected on a Mercury 300 MHz spectrometer (Varian, 

Inc.) with CDCl3 as the solvent and a 400 MHz spectrometer (Bruker, Inc.) with D2O as the 

solvent.  

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

collected using a Bio-Rad FTS-6000 FT-IR single-beam spectrometer equipped with a 
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Miracle AG single reflection horizontal ATR accessory (Pike Technologies, Inc.). Each 

spectrum was recorded at 4-cm-1 resolution with 100 accumulated scans and was normalized 

to the blank of 100 scans collected from an empty ATR cell. All spectra were corrected for 

differences in refractive index using Bio-Rad Win-IR Pro software. 

 

4.3. Results and Discussion 

During the surface-initiated RAFT polymerization, the faster grafting polymer growth 

atop DNA on surface at a relative lower grafting surface density was observed in Figure 4.1, 

compared with the surface grafting polymer growth initiated from small molecules. Previous 

research works showed that surface densities at full coverage of modified thiolated small 

molecules with the definite alkyl chain length and DNA molecules on surface were in the 

level of 1014 and 1012 molecules/cm2, respectively.27,28 The two orders of magnitude 

difference was caused by electrostatic repulsion between DNA molecules.28 In order to 

obtain the same surface RAFT CTA density from both small molecules and DNA for further 

comparison, the usual approach is diluting CTA-coupled small molecules with unmodified 

small molecules of the same chain length in a ratio of 1:100.29 Due to a very limited amount 

of polymeric materials on surface via surface-initiated RAFT polymerization, ellipsometry is 

a fast, direct, and efficient technique to characterize formed polymers by measuring the 

polymer thickness on surface compared with other traditional techniques such as GPC and 

AFM. 

We suspect that various types of molecular interaction exist between DNA serving as 

the template and the monomers, including hydrogen bonding, electrostatic interaction, 
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hydrophobic interaction, etc. The experimental evidence of hydrogen bonding between DNA 

template and monomers is confirmed by attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectroscopy (Figure 4.2). The peak at 1712 cm-1 corresponds to 

thymine carbonyl stretching vibration in bases for hydrogen bonding, which is largely 

independent on chemical environment.16,30 In Figure 4.2A, this band for hydrogen bonding of 

ssDNA system is pretty weak, indicating the presence of this interaction in base-pair or base-

water species. In HEMA system, a strong and sharp peak at 1726 cm-1 shows another 

different stretching for carbonyl group. In DNA-HEMA system, the stretching vibration at 

1712 cm-1 increases, resulting from the existence of stronger hydrogen bonding between 

DNA and HEMA as template effect. The chemical structures of DNA template and 

monomers have an important impact on hydrogen bonding. In Figure 4.2B, the negative-

negative electrostatic repulsion between deprotonated carboxyl groups in MA and phosphate 

groups in DNA significantly weakens the template effect, leading to the signal decline of 

hydrogen bonding in DNA-MA system. In high CG% DNA-HEMA system, more hydrogen 

bonding sites are offered in DNA chain to provide stronger hydrogen bonding between high 

CG% DNA and HEMA. 

Figure 4.3 shows the NMR spectra for the evidence of hydrogen bonding between DNA 

template and monomers. Sample 1 is DNA, sample 2 is HEMA, sample 3 is DNA+HEMA, 

and sample 4 is DNA+HEMA+NaCl. The chemical shifts of 7.82 ppm, 8.15 ppm, and 8.25 

ppm correspond to the NH resonances of the A and C base units.15,31 All the spectra are 

calibrated using standard and any chemical shift change should be due to chemical 

environment change. In DNA+HEMA system, the chemical shifts experience a downfield 
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shift to 7.87 ppm, 8.18 ppm, and 8.28 ppm, which is due to hydrogen-bonded interactions for 

the these protons. In DNA+HEMA+NaCl system, the chemical shifts move back to upfield 

for reduced hydrogen-bonded interactions. In references, it was reported that the chemical 

shift change reached 0.09 ppm and 0.13 ppm because of much stronger hydrogen-bonded 

interactions such as A-T pairs compared with our DNA and HEMA interaction. 

In both RAFT and ATRP systems, it was observed that DNA accelerated polymer 

growth on surface compared with small molecules.8,26 Figure 4.4 shows the comparison of 

polymer growth on DNA-anchored surface by RAFT and ATRP reactions where a more 

dramatic enhancement was observed from RAFT. While accelerated polymer grafting can be 

rationalized by the presence of DNA template, the different accelerate rate can be understood 

from the difference of polymerization mechanisms (Scheme 4.1) of these two reactions: in 

surface-initiated ATRP reaction, the halogen atom of the immobilized initiators is extracted 

by the catalyst complex as activator abstract to generate a propagating radical, attacking free 

monomer units as a result of radical chain propagation before the change back to a dormant 

chain. The repeated and random cycle on the halogenated sites controls the grafting polymer 

growth slowly and nearly simultaneously. The template polymerization only can be induced 

by surface-anchored initiator, attacking free line-up monomer units connected with DNA 

template by hydrogen bonding, which is called “zip” mechanism in radical template 

polymerization.10 Since the adsorption of “zip” mechanism adsorption is partial, the template 

is not fully occupied by the monomers during the polymerization. In surface-initiated RAFT 

reaction, the free initiators in solution attack the monomers to generate the propagating 

radicals, followed by the addition of the propagating radicals to the surface-anchored chain 
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transfer agents (CTAs) to form a polymeric thiocarbonylthio compound and a new radical. 

The species for radical template polymerization include not only the free monomers but also 

propagating radicals with bigger size. It can be applied into the second type of template 

polymerization: “pick-up” mechanism. In “pick-up” mechanism, the monomers at the 

beginning of the reaction are relatively free and can be polymerized by free initiators with 

any distance from the template.10 When the monomers polymerize into oligoradicals with a 

critical length, the complexation effect between the oligoradicals and the template works, 

followed by subsequent propagation along the template by adding monomer molecules from 

the local area of the template. The interaction increases with the increasing of the growing 

oligomer owing to the co-operative effect. Generally, the termination rate constants for 

template polymerization are lower than non-template polymerization. The change in 

propagation rate constant is not so great, but the termination rate constants for template 

process are lower by 103-104 times, which means that radicals connected with template are 

much more stable than growing radicals in blank reaction. Scheme 4.2 describes the 

proposed zip mechanism for ATRP and pick-up mechanism for RAFT in DNA template 

polymerization. 

Several important factors, including ionic strength, pH value, solvent polarity, chemical 

structures of monomers and templates, were varied to study their roles on the templating 

efficiency of DNA template effect on surface-initiated RAFT polymerization. The first 

variable investigated is the polymer growth atop DNA as a function of salt concentration. 

DNA molecules have negatively-charged phosphate backbone and their stereochemical 

conformation can be influenced and adjusted by ionic strength of the solution, which could 
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possibly affect the templating efficiency. Figure 4.5 shows the polymer film thickness 

decreases with the increasing salt concentration, indicating a decrease of DNA template 

effect on monomer assembly for further polymerization. It is well known that the counterions 

are used to shield charged units from each other. The negatively-charged phosphate groups in 

DNA backbones absorb positive sodium counterions in the NaCl solution for charge balance. 

This effect offsets the electrostatic repulsion between the neighboring phosphate groups on 

the DNA chains, which makes DNA to adopt a more coiled and looped conformation instead 

of an extended stretching one; consequently providing fewer hydrogen bonding sites for 

monomers and lessens the DNA template effect. The strength of hydrogen bond between 

DNA and monomers may be slightly affected but the impact was negligible due to the 

essence of hydrogen bonding.32,33 It is important to note that the growth kinetics of polymer 

brushes on surface via surface-initiated radical polymerization was independent on the ionic 

strength of the polymerization medium and the consequence of adding NaCl into pure 

polymerization reaction is that the polymerization rate was almost unaffected.34 

Transitions from the stable helical structures in dsDNA to randomly coiled form have 

been studied by adjusting pH values in solution. In an acidic environment, the extensive 

protonation of DNA weakens the electrostatic repulsion between negatively-charged 

phosphates groups on DNA backbone. In alkaline solutions, DNA conformation was affected 

by metallic ions (that can be treated as the similar effect as ionic strength).35,36 Since DNA 

prefers to stretch in neutral environment and changes to be coiled structure due to less 

electrostatic repulsion in either acid or basic solution, the number of hydrogen bonding sites 

offered by DNA becomes smaller in acidic or basic solution, which directly induces the 
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decrease of monomer local concentration along DNA. Figure 4.6 shows that the polymer 

growth rate is higher in neutral environment than that in acidic or basic solution. 

During the template polymerization, the preferential adsorption coefficient is a measure 

of adsorption of the monomer onto the template. HEMA is a neutral monomer and the 

possible interaction with the DNA template is hydrogen bonding. In order to adjust the 

interaction between monomer units and the templates, the additional forces could be 

considered to employ to compete with hydrogen bonding for monomer adsorption efficiency. 

Figure 4.7 shows the comparison between the neutral monomer HEMA and the anionic 

monomer, sodium methacrylate on DNA template for polymer growth. Due to the negative 

charge in monomers, the electrostatic repulsions diminished the monomer assembly on DNA 

template, leading to the local concentration decrease of monomers surrounding DNA chains. 

Figure 4.8 shows polymer film thickness as a function of H2O percentage in 

H2O/CH3CH2OH mixture. In general surface-initiated ATRP system, as the solvent became 

less polar (from water/methanol to methanol), the poly(oligo(ethylene glycol) methacrylate) 

grafting efficiency on silicon wafer surface increased due to the conformation of polymer 

chains and hydrodynamic radius.37 The solvent polarity also determines the conformation of 

DNA chains.38 With the ethanol concentration increases, DNA conformation changes 

associated with condensation or aggregation because the polarity of ethanol is less than water, 

then the electrostatic repulsion in DNA phosphate backbone is smaller. Aggregation of DNA 

chains reduces the probability of bases exposure to surrounding environment for hydrogen 

bonding sites, which could partially counteract DNA templating effect. 
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The influence of the template length on the monomer assembly was investigated and 

shown in Figure 4.9. For smaller template size such as 17-mer DNA, the binding of 

monomers as guest molecules is less efficient to line up next to each other radical 

propagation. For larger templates, a larger total amount of monomers are present for each 

template, thereby increasing the stability of monomer-template complex with more hydrogen 

bonding interaction. It was found that the higher the molecular weight of the template, the 

greater is the increase in the relative rate and the higher is the molecular weight of daughter 

polymer.17 The current conclusion was consistent with the previous results. 

In DNA chains, the two types of base pairs form different numbers of hydrogen bonds, 

AT forming two hydrogen bonds, and GC forming three hydrogen bonds. DNA with high 

GC-content is more stable than DNA with low GC-content due to the contribution of 

stacking interactions. As a result, it is both the percentage of GC base pairs and the overall 

length of a DNA chain that determine the strength of the association between the DNA 

template and the monomers. The results in Figure 4.10 indicate more hydrogen-bonding sites 

between DNA with high CG% and complementary monomers, correctly aligning them on 

these strands for efficient template polymerization. 

 

4.4. Conclusions 

A significantly accelerated grafting polymer growth atop DNA molecules was observed 

and DNA template effect as hypothesis was put forward to address this issue. The hydrogen 

bonding built up the bridge between DNA templates and free monomers and DNA 

conformation was affected by several factors, including ionic strength, pH value and solvent 
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polarity for template effect. The chemical structures of various monomers and DNA 

templates were also investigated for templating efficiency. Two different but closely related 

mechanisms were applied into two types of surface-initiated polymerizations with different 

polymerization rates: “zip” mechanism for ATRP and “pick-up” for RAFT. DNA-templated 

polymerization for high polymer grafting efficiency on surface opens the door to the use of 

fully synthetic polymers generated by controlled/“living” radical polymerization with 

enhanced properties. 
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Scheme 4.1. Schematic Representation of (A) Zip Mechanism and (B) Pick-Up Mechanism 
of Template Polymerization. 
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Scheme 4.2. (A) Proposed Zip Mechanism for ATRP and (B) Pick-Up Mechanism for RAFT 
in DNA Template Polymerization. 
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Figure 4.1. Plots of PHEMA film thicknesses as a function of polymerization time from 
CTA-coupled ssDNA-coated substrate (□), CTA-coupled small molecule-coated substrate at 
full coverage (○), and CTA-coupled small molecule-coated substrate at the same surface 
CTA density as CTA-coupled ssDNA-coated substrate (Δ). 
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Figure 4.2. (A) ATR-FTIR spectra of DNA, HEMA, and the mixture of DNA and HEMA 
and (B) ATR-FTIR spectra of the mixture of DNA and HEMA, the mixture of DNA and 
sodium methacrylate, and the mixture of high CG% DNA and HEMA. 
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Figure 4.3. NMR spectra of DNA (sample 1), HEMA (sample 2), the mixture of DNA and 
HEMA (sample 3), and the mixture of DNA, HEMA and NaCl (sample 4). D2O was used as 
the solvent. 
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Figure 4.4. Plots of PHEMA film thicknesses as a function of polymerization time from 
CTA-coupled ssDNA-coated substrate by RAFT polymerization (□) and initiator-coupled 
ssDNA-coated substrate by ATRP at the same surface ssDNA density as CTA-coupled 
ssDNA-coated substrate (○). 
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Figure 4.5. Plots of PHEMA film thicknesses as a function of salt concentration from CTA-
coupled ssDNA-coated substrate (□) and CTA-coupled small molecule-coated substrate at 
the same surface CTA density as CTA-coupled ssDNA-coated substrate (○). The polymer 
film thicknesses in control experiments of ssDNA and small molecules are 2.3 ± 0.0 nm and 
1.2 ± 0.0 nm, respectively. 
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Figure 4.6. Plots of PHEMA film thicknesses as a function of pH value from CTA-coupled 
ssDNA-coated substrate (□) and CTA-coupled small molecule-coated substrate at the same 
surface CTA density as CTA-coupled ssDNA-coated substrate (○). The polymer film 
thicknesses in control experiments of ssDNA and small molecules are 2.0 ± 0.1 nm and 1.6 ± 
0.4 nm, respectively. 
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Figure 4.7. Thickness ratio of poly(hydroxyethyl methacrylate) (green column) and 
poly(sodium methacrylate) (red column) growth atop DNA vs. small molecules as a function 
of polymerization time. 
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Figure 4.8. Plots of PHEMA film thicknesses as a function of H2O percentage in 
H2O/CH3CH2OH mixture from CTA-coupled ssDNA-coated substrate (□) and CTA-coupled 
small molecule-coated substrate at the same surface CTA density as CTA-coupled ssDNA-
coated substrate (○). The polymer film thicknesses in control experiments of ssDNA and 
small molecules are 1.8 ± 0.3 nm and 1.6 ± 0.4 nm, respectively. 
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Figure 4.9. PHEMA film thicknesses atop DNA with different sequence length (35-mer and 
17-mer). 
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Figure 4.10. PHEMA film thickness atop DNA with different C/G base percentage (71%, 
14%, and 9%). 
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CHAPTER 5   APPLICATION OF RAFT-BASED DNA BIOSENSING IN IN-GEL 
DNA DETECTION 

 

5.1. Introduction 

Porous polymeric gel is commonly used as the supporting matrix in biomolecular 

analysis, such as in gel electrophoresis where molecules are separated under an electric field, 

in 3-D microarray detection where DNA capture probes are covalently bound to gel,1,2 or in 

polymerase colony assays (Polony) where DNA molecules of interest are replicated in 

clusters.3-5 For most applications, biomolecules inside of the gel matrix are either stained 

with chemical agents or pre-labeled with dye molecules for signal readout.6-10 However, low 

staining efficiency, lack of staining specificity, and high background from nonspecific 

adsorption of labeled tags have restrained the applications of in-gel DNA detection. 

Amplification-by-polymerization has been recently reported as a viable approach for 

enhancing detection sensitivity of DNA hybridization on a 2-D solid surface.11-14 Similar to 

rolling circle amplification (RCA) in which a long single-stranded DNA is composed of 

thousands of repeating units in tandem, polymerization is a process where small molecules, 

as monomers, are connected to each other head-to-tail to form a long polymer chain 

containing tens to hundreds of repeating units. As a result, a single biomolecule recognition 

event is amplified for tens to hundreds of times through chain propagation when the 

monomers of distinct optical properties were used. In other words, formation of the polymer 

chains transduces distinctive optical signals that magnify the occurrence of biomolecule 

binding. Atom transfer radical polymerization (ATRP) and reversible addition-fragmentation 

chain transfer polymerization (RAFT) have been successfully demonstrated in hybridization 
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detection of oligonucleotides of interest. As few as 1,800 copies of DNA target molecules 

have been directly visualized on a flat gold surface.14 

Here we report the employment of the same signal amplification concept for DNA 

detection in a 3-D porous gel matrix with high sensitivity and specificity. In particular, the 

DNA target molecules were pre-loaded into the gel during gel solidification, resemble to the 

embedded target DNA in the in-gel DNA microarray or Polony experiments. Hybridization 

of the target DNA to the detection probe resulted in localization of the pre-coupled chain 

transfer agent (CTA), which allowed point-attached polymer chain growth in RAFT. This 

confined polymer chain growth rendered the spot where the target DNA was initially located 

visually distinguishable from the background. 

 

5.2. Experimental Section 

5.2.1. Materials 

40% IEF acrylamide was purchased from Amersham Biosciences. 

Methacryloxypropyltrimethoxysilane (bind silane) was purchased from Gelest. Acrylamide, 

N,N’-methylenebisacrylamide (Bis), N,N’-diallyltartramide (DATD), N,N,N’,N’-

tetramethylenediamine (TEMED), bovine serum albumin (BSA), N-hydroxysuccinimide acid 

(NHS), 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC), 

dichloromethane, N,N-dimethylformamide (DMF), azobisisobutyronitrile (AIBN), acetic acid, 

anhydrous ethanol, ethidium bromide were purchased from Sigma-Aldrich and used as 

received. Ammonium persulfate (APS) and glass cover slips were purchased from Fisher 

Scientific. Teflon-coated glass slides were a gift from Erie Scientific. 2-(1-Carboxyl-1-
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methylethylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid (CMP) was a gift from 

Noveon (Cleveland, OH). Monomethoxy-capped oligo(ethylene glycol) methacrylate 

(OEGMA; mean degree of polymerization, 7 to 8) was a gift from Cognis Ltd. (Hythe, U.K.). 

OEGMA was purified by removing the methyl hydroquinone inhibitor. The column packing 

materials were purchased from Sigma-Aldrich, and the column was packed in house. All 

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

the sequences listed (Table 5.1). Micro Bio-Spin 30 columns were purchased from Bio-Rad 

Laboratories for DNA purification. 

 

5.2.2. Bind-Silane Treatment of Slides 

A glass bucket with a metal lid and a metal slide rack was loaded with glass slides. The 

glass slides used in this study had two round-shaped windows side-by-side to allow silane 

derivatization whereas the rest of the surface was protected by Teflon coating. The bucket 

and a glass container with 500 mL DI H2O and a stir bar were sterilized under UV for 15 min. 

110 µL Acetic acid and 2 mL bind-silane were added into the glass container with DI H2O 

and stirred for 15 min under room temperature. The mixture was then added to the glass 

bucket pre-loaded with the glass slides. The slides were incubated in the silane solution with 

slow shaking for 1 h, followed by rinsing with DI H2O and anhydrous ethanol. The bind-

silane-treated glass slides were then dried and placed into a plastic storage box in a vacuum 

dessicator for long-term storage. 
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5.2.3. Conjugation of CTA to Detection Probes 

A solution of CMP (0.10 M) in dichloromethane (DCM) was cooled in an ice bath.  A 

mixture of NHS (0.10 M) and EDC (0.10 M) in DCM was added dropwise. Upon completion, 

the reaction mixture was stirred under room temperature for 1 h, followed by filtration to 

remove any precipitates. The solution was then washed with saturated NaHCO3, followed by 

rinsing with water, and dried over MgSO4. Evaporation in vacuo resulted in a crude yellow 

solid product, and this crude NHS active ester was used in subsequent experiments without 

further purification. Oligonucleotide detection probe (0.3 nmol) and 5 µL of conjugation 

buffer (1.0 M NaHCO3/Na2CO3, pH 9.0) were mixed in a centrifuge tube, followed by 

addition of the freshly prepared 10 µL CTA ester solution (10 mg/mL in DMF). After a 30-

min reaction at room temperature, unreacted NHS ester was removed by gel filtration. 

 

5.2.4. Acrylamide Gel Casting on Slides 

The silane-treated glass slides covered with coverslips were sterilized under UV for 15 

min. At the same time, 9 mL 40% IEF acrylamide, 1 mL acrylamide/Bis (38%:2%), and 200 

mg DATD were freshly prepared as the “ABD-mix” solution.3 1 mL “ABD-mix” solution 

was filtered through a 0.22 micron filter into a 1.5 mL microcentrifuge tube. 5% APS 

solution (0.5 g APS in 10 mL H2O), 5% TEMED solution (2 µL TEMED in 38 µL H2O), and 

3% BSA solution (3 mg BSA in 100 µL H2O) were also fresh prepared. The gel-casting 

mixture (200 µL in total volume) was made by mixing 50 µL filtered “ABD mix” solution, 

13.3 µL 3% BSA, 128.7 µL DI H2O, and 4 µL 5% TEMED. The last component to be added 

was 4 µL 5% APS. The gel-casting mixture (18 µL) was then pipetted into two open areas on 
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the silane-treated glass slide that were not protected by Teflon. The liquid was pulled into the 

space between a coverslip and the glass slide under the capillary force to fill in the exposed 

area. The slide was then placed on a flat tray and acrylamide was allowed to polymerize for 

30 min. The coverslip on top had previously opened three small windows where DNA 

molecules of different sequences/modifications were pipetted onto the gel solution and 

embedded into the gel during gel solidification. After the gel solidified, the coverslip was 

carefully removed and left the formed thin film on glass slides. The gel-casted glass slides 

were then loaded into the metal slide rack and placed in a DI H2O-filled glass bucket for 30 

min at room temperature with slow shaking to wash off the excess acrylamide monomers and 

loose DNA molecules. 

 

5.2.5. DNA Hybridization and Duplex Formation 

The CTA-coupled detection probe was introduced to the gel to allow hybridization to 

occur in a humidity chamber at room temperature. After hybridization, the slide was washed 

in a NaCl/phosphate buffer (0.1 M NaCl, 10 mM phosphate buffer, pH 7.0) three times to 

remove non-complementary sequences. 

 

5.2.6. RAFT Polymerization 

In a typical surface-initiated RAFT polymerization, a solution of OEGMA (2 mL, 5.28 

mmol), DI H2O (18 mL) and AIBN (0.0016 mmol) was purged with N2 for 30 min in an ice 

bath to reduce the amount of O2 in the reaction system. The glass slides with DNA-embedded 

gel were placed in a glass container and also degassed by purging N2 for 30 min. The 
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OEGMA mixture was then injected into the container where the gel substrates were located, 

and the container under N2 protection was then transferred to a water bath of 30 ºC to allow 

polymerization to occur. Polymerization was stopped by quenching the reaction in an ice 

bath and the substrates were removed from the reaction mixture. The substrates were 

thoroughly rinsed and bathed in DI H2O overnight to remove nonspecifically adsorbed 

monomers. The polymer films formed on the substrates were characterized using attenuated 

total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) and atomic force 

microscope (AFM). 

 

5.2.7. Ethidium Bromide Staining 

Ethidium bromide at 5 µg/mL in 1× TBE buffer was freshly prepared before each 

experiment. The gel substrates were incubated with ethidium bromide for 60 min at room 

temperature, followed by direct imaging under UV light. 

 

5.2.8. Instrumentation 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra were 

collected using a Bio-Rad FTS-6000 FT-IR single-beam spectrometer equipped with a 

Miracle AG single reflection horizontal ATR accessory (Pike Technologies, Inc.). Each 

spectrum was recorded at 4 cm-1 resolution with 100 accumulated scans and was normalized 

to the blank of 100 scans collected from an empty ATR cell. All spectra were corrected for 

differences in refractive index using Bio-Rad Win-IR Pro software. 
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Surface topography was measured by AFM in a tapping mode using a Digital 

Instruments Nanoscope IIIa microscope. Images were captured at a scan resolution of 512 

points/line, a scan rate of 0.5 Hz, a scan area of 10 µm × 10 µm or 1 µm × 1 µm, and a z-

range of 200 nm. The set point was 0.4–0.8 V and the drive amplitude was 20–35 mV. The 

drive frequency was set approximately to the resonant frequency of the cantilever being used 

(116 kHz, DP14/LS/AIBS, MikroMasch Inc.). 

The film thickness was measured using an AutoEL-III Automatic ellipsometer (Rudolph 

Research). The instrument irradiated the substrates at a 70° incident angle. The reflective 

index of 1.51 was used for polymer films. All surface measurements were conducted with 

dried samples. Each substrate was measured four times before and after the RAFT reaction, 

and the averaged difference in film thickness was calculated and attributed to film growth. 

 

5.3. Results and Discussion 

Scheme 5.1 illustrates the experimental procedure of amplification-by-polymerization 

for in-gel DNA detection: a glass slide was first incubated in a bind-silane (3-

methacryloxypropyltrimethoxy silane) solution. Acrylamide monomer, N,N’-

methylenebisacrylamide and N,N’-diallyltartramide as the crosslinking agents, ammonium 

persulfate as the initiator, and N,N,N’,N’-tetramethylenediamine as the catalyst were mixed 

thoroughly. The mixture was cast on the silane-treated glass slide for gel formation.3 

Meanwhile, a DNA detection probe with the sequence complementary to the DNA target of 

interest, 5’-NH2-(CH2)6-A20 ATC CTT ATC AAT ATT, was pre-conjugated to the NHS ester 

of a RAFT chain transfer agent (CTA) (HOOC(CH3)2CCS3C(CH3)2COOH) to form the 
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CTA-labeled DNA detection probe, i.e. HOOC(CH3)2CCS3C(CH3)2CONH(CH2)6-A20 ATC 

CTT ATC AAT ATT.15 The 1:1 stoichmetric coupling product was confirmed by mass 

spectrometry.13 

To mimic the clustered distribution of target DNA within 3-D porous gel as those used 

in gel-based DNA microarrays or polony studies,1,3 oligonucleotides of different sequences 

were drop-coated at different locations on the gel surface. Specifically, spot 1# had non-

complementary DNA sequence 5’-CCA CGA ACT TTA ATT AGT CAC CTA CTG T as 

the negative control, spot 2# had target DNA sequence of interest 5’-GAG GGA TTA TTG 

TTA AAT ATT GAT AAG GAT, and spot 3# had CTA-coupled detection probe DNA as the 

positive control (Scheme 5.1). The positive control was used to confirm successful onset of 

polymer growth whereas the negative control provided information on nonspecific 

background. After the addition of DNA sequences to the thin film of the gel solution at three 

different spots, polyacrylamide gelation occurred slowly and eventually formed a thin layer 

of uniformly cross-linked network with porous structures on the glass slide. The DNA 

molecules of different sequences were entrapped inside of the porous gel, stable enough to 

survive multiple stringent washes, to remove nonspecifically adsorbed molecules on the 

surface. After the gel was solidified, the film was incubated with a solution containing the 

CTA-coupled DNA detection probes. Diffusion of the detection probes into the porous 

structure resulted in hybridization between the target DNA and the CTA-coupled detection 

probes, and consequently CTA was retained at and only at Spot 2. Little nonspecific 

entrapment of CTA-coupled detection probes occurred at other section of the gel after 

copious washes. 
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RAFT polymerization is illustrated in Scheme 5.2:13 the gel-coated glass slide was 

incubated in a solution of monomethoxy-capped oligo(ethylene glycol) methacrylate 

(OEGMA) and dissolved azobisisobutyronitrile (AIBN) at 30 ºC. This low reaction 

temperature ensured chemical stability of polyacrylamide gel on the glass and allowed slow 

release of free radicals from AIBN. Initiation of the RAFT polymerization reaction led to 

growth of polymer chains at the spot(s) where CTA was present, i.e. the spot where the target 

DNA of interest was located (2#) and the positive control spot (3#). Positive growth of 

polymer chains was verified by attenuated total reflection-Fourier transform infrared 

spectroscopy (ATR-FTIR, Figure 5.1). At the negative control spot 1# where non-

complementary DNA sequence was present a doublet peak at 1630-1680 cm-1 was observed, 

corresponding to the expected C=O stretching in amide and NH2 deformation in the 

polyacrylamide gel.16 Strong absorption of NH2 at 3550-3350 cm-1 (asymmetric stretch) and 

at 3450-3250 cm-1 (symmetric stretch) was also observed. Similar observation was made 

from other locations on the gel where polyacrylamide was the dominant background. For the 

positive control and the target DNA spot, however, a strong, characteristic single peak 

around 1730 cm-1 was clearly observed in addition to the amide groups. It corresponded to 

C=O stretching in the -COO- ester structure of POEGMA, confirming specific growth of 

polymer chains on spot.17 Strong absorption at 2992-2955 cm-1 (asymmetric stretch) and at 

2897-2867 cm-1 (symmetric stretch) was consist with the literature as well. 

Figure 5.2 shows two photographic pictures of the gel substrate before and after RAFT 

polymerization. Interestingly, the spots where polymers grew changed to opaque, similar to 

what was observed on a flat Au surface.11,13 Specifically, spot 1# as the negative control had 
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non-complementary DNA entrapped where no hybridization occurred upon exposure to 

CTA-coupled detector DNA; hence little polymer chains grafted locally and no subsequent 

change in spot appearance was observed. Spot 2# was the one where complementary target 

DNA (1 ng) was initially introduced and hybridization to the detection probe occurred. A 

light-grey spot was clearly visible by the naked eye after polymerization. Spot 3# as the 

positive control prepared by embedding the CTA-coupled detector DNA during gelation 

showed a similar grey spot. 

Close inspection of the gel surface using atomic force microscopy (AFM) reveals that 

the change in gel transparency was due to an increase in surface roughness where dried 

polymer chains folded into islands and changed the surface topography (Figure 5.3). A line-

scan profile showed an average of 200 nm in the height difference for polymer features on 

the surface. In the 1 µm × 1 µm AFM image of spot 2 the calculated root mean square of 

roughness (RMS) was 20.8 nm with the height of some large features exceeding 300 nm. In 

comparison, the negative control spot showed fewer and smoother features with a calculated 

RMS of 6.4 nm. This reduced surface roughness is consistent with the overall lack of light 

scattering of the spot. 

Hybridization between DNA targets and detection probes resulted in localization of 

RAFT CTAs on the surface, leading to subsequent polymer growth on the spots. The amount 

of polymers grafted on the spots where DNA targets hybridized was quantitatively measured 

using ellipsometry. The spots accommodating noncomplementary DNA provided the 

negative control. Figure 5.4 shows a plot of polymer thicknesses versus the target DNA 

concentration for quantitative detection of in-gel DNA targets in the range from 100 nM to 
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10 pM using amplification-by-polymerization. Considering that the volume of 1 µL pre-

loading DNA target solution was used during DNA hybridization, this result was equivalent 

to ellipsometric measurements of 10 pg ― 1 ng target DNA molecules without PCR 

amplification, which confirmed that the approach using polymerization-based DNA detection 

exhibits better sensitivity in detection of short oligonucleotides. 

The capability to detect single-base mutations is crucial in genotyping-kind applications 

and assay selectivity was studied by mixing CTA-coupled DNA detection probes with target 

DNA sequences having mutations at various sites. Specifically, two DNA oligonucleotides 

with single-base mutations at center or at one extremity of the sequence, respectively, were 

hybridized to the same CTA-coupled DNA detection probe on gel surfaces. As Figure 5.5 

shows, the thickness of polymer growth from DNA target with the perfectly matched 

sequence (5’-GAG GGA TTA TTG TTA AAT ATT GAT AAG GAT) was 9-fold stronger 

than that measured from the sequence with a single mismatched base at one extremity (5’-

GAG GGA TTA TTG TTA AAG ATT GAT AAG GAT) and 48-fold stronger than the one 

with a single mismatch at the center (5’-GAG GGA TTA TTG TTA AAT ATT GGT AAG 

GAT). The signal-to-background (S/B) ratios were calculated as 141, 15, and 3 for the 

perfectly matched target DNA, single mismatched target DNA at one extremity, and single 

mismatched target DNA at the center against the background of control (noncomplementary 

DNA), respectively (i.e., S/B = Individual Spot Thickness/Thickness from 

Noncomplementary DNA). Figure 5.6 shows a pseudo linear polymer thickness as a function 

of the reaction time based on the living character of RAFT polymerization on gel surfaces. 

Theoretically, the extension of polymerization reaction time can achieve continuous polymer 
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growth for maximal detection sensitivity when needed. The degree of signal amplification is 

tunable by adjusting the amount of polymer grafted on the surface, which renders the 

approach suitable for either screening of highly abundant genetic disorders or detection of 

low-copies of infectious DNA sequences. 

Detection sensitivity and specificity of polymerization-assisted DNA detection in the gel 

was investigated by a side-by-side comparison with ethidium bromide (EB) staining-based 

DNA detection. EB is one of the most commonly used staining agents to visualize the 

location of DNA molecules in gel. It binds to dsDNA base pairs non-selectively through 

groove intercalation,18,19 as well as ssDNA where the local folding of certain segments  

exists.20 Figure 5.7 shows side-by-side comparison of detection sensitivity and specificity 

towards dsDNA using the RAFT-based signal amplification method vs. EB staining: When 

~1 ng target DNA molecules were embedded inside of the gel, the reaction spot was clearly 

visible after RAFT polymerization from polymer growth (Fig. 5.7A). The control spot 

without CTA-coupled detector DNA showed no change in transparency. EB staining of the 

same gel yielded two visible spots showing the locations of DNA molecules but could not 

differentiate the spot with dsDNA duplexes from the one with ssDNA only (Fig. 5.7B). 

When the entrapped target DNA molecules were diluted to 0.1 ng, i.e. ~11 fmol, per spot, 

polymer growth from the reaction spot was still distinguishable by the naked eye after 

polymerization, albeit less distinctively (Fig. 5.7C). However, no fluorescent spots were 

observed after EB staining because too few copies of DNA molecules were available in the 

gel for effective staining (Fig. 5.7D). 
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5.4. Conclusions 

In summary, the amplification-by-polymerization approach has been successfully 

demonstrated for in-gel DNA detection. It is the first time that a dynamic polymer growth on 

the surface of soft matter is used in signal amplification for DNA detection, which opens 

opportunities of adapting the previously described polymerization-based amplification 

approaches to various classic genetic applications that rely on porous gels as the operating 

platform, including DNA gel electrophoresis, gel-based DNA microarrays, and polony. 

Comparing to conventional chemical staining techniques, the described approach is more 

sensitive and selective. The capability of differentiating DNA duplexes from ssDNA 

provides additional benefits over non-selective chemical staining methods. Both features 

support the potentially replacement the traditional DNA staining reagents to reduce 

carcinogenic risks and disposal cost. 

In parallel, demonstration of the polymer grafting inside of porous materials provides 

the basis of transferring traditional 2-D flat sensing concept to 3-D porous materials, which 

afford the benefits of more binding sites, larger dynamic range, and better loading capacity 

etc. The claimed flexibility of Amplification-by-Polymerization platform by using monomers 

of different chemical properties is expected to be directly inherited in the 3-D gel format. 

Efforts to examine the use of the monomers with fluorophores or electrochemically active 

moieties for fluorescence or electrochemical detection are underway. 
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Scheme 5.1. Schematic Drawing of Major Steps for Polymer-Amplified in-Gel DNA 
Detection with Three Spots of Different DNA Sequences Entrapped. 
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Scheme 5.2. Schematic RAFT reaction from the entrapped DNA detector probes inside of 
gel. 
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Table 5.1. A Summary of Chemical Reagents Used in this Study. 

 

Name Chemical Structure Description 

40% IEF acrylamide CH2=CH-CO-NH2  
Isoelectric focusing for 
separation and gel main 

component 

Acrylamide CH2=CH-CO-NH2  Gel main component 

N,N’-
methylenebisacrylamide 

CH2=CH-CO-NH-CH2-HN-OC-
CH=CH2  

Network crosslinking agent 

N,N’-diallyltartramide 
CH2=CH-CH2-NH-CO-CH(OH)-
CH(OH)-OC-HN-CH2-CH=CH2  Network crosslinking agent 

Ammonium persulfate NH4

+-
O-SO2-O-O-SO2-O

- 
NH4

+
  Initiator 

N,N,N’,N’-
tetramethylenediamine 

(CH3)2N-CH2-CH2-N(CH3)2  Catalyst 

Bovine serum albumin  Nonspecific adsorption reducer 

Target DNA 5’-GAG GGA TTA TTG TTA AAT 
ATT GAT AAG GAT  

Target DNA molecules 
embedded in gel, partially 

complementary to detection 
probe DNA 

Non-Complementary DNA 5’-CCA CGA ACT TTA ATT AGT 
CAC CTA CTG T 

Noncomplementary DNA 
molecules embedded in gel as 

control 

Single mismatched target 
DNA (extremity) 

5’-GAG GGA TTA TTG TTA AAG 
ATT GAT AAG GAT 

Single mismatched target DNA 
with mutation site at one 

extremity of hybridization 

Single mismatched target 
DNA (center) 

5’-GAG GGA TTA TTG TTA AAT 
ATT GGT AAG GAT 

Single mismatched target DNA 
with mutation site at center of 

hybridization 

Detection probe DNA 
5’-NH2-(CH2)6-A18 AAA TCC TTA 

TCA ATA TT 

Detection probe DNA molecules 
partially complementary to 

target DNA  

Detection probe DNA 
coupled CTA 

5’-HOOC(CH3)2CCS3C(CH3)2CO -
NH(CH2)6-A18 AAA TCC TTA TCA 

ATA TT 

Detection probe coupled with 
chain transfer agent for in-gel 

chemical amplification 
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Figure 5.1. ATR-FTIR spectra of (a) the negative control spot (spot 1) and (b) the reaction 
spot (spot 2) in the gel after RAFT polymerization. The spectra were offset for clarity. 
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Figure 5.2. Photographic pictures of a gel substrate before (A) and after (B) RAFT 
polymerization. Spot 1# was the negative control, 2# the target DNA, and 3# the positive 
control. The dotted circles were drawn to guide the eye. 
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Figure 5.3. (A) A 10 µm × 10 µm AFM image of POEGMA grown atop DNA molecules 
embedded in gel after RAFT polymerization and (B) the z-value profile of the same spot 
where the black line locates. More than 200 nm in height difference was clearly observed for 
the features on the surface. Corresponding zoom-in AFM images from (C) Spot 2 and (D) 
Spot 1. Both were scanned at 1 µm × 1 µm. The scale bar on the right shows the relative 
height in nanometers. 
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Figure 5.4. Quantitative detection of in-gel DNA targets with different concentrations. The 
error bars were calculated from four replicates. 
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Figure 5.5. Selective detection of in-gel DNA targets of different sequences. The error bars 
were calculated from four replicates. 
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Figure 5.6. Thicknesses of polymer growth on DNA-embedded gel surfaces as a function of 
polymerization time. The error bars were calculated from four replicates. 
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Figure 5.7. (A, C) Photographic pictures of polymer growth on gel substrates after RAFT 
polymerization and (B, D) fluorescence images after EB staining. Spot 1 is where target 
DNA was detected and Spot 2 is the negative control where non-complementary sequence 
was entrapped. The amount of target DNA entrapped was (A, B) 1 ng or (C, D) 0.1 ng per 
spot. 
 

 

 

 

 

 

 

 

 

 

A B

C D



 

165 

 

REFERENCES 

(1) Xiao, P.; Cheng, L.; Wan, Y.; Sun, B.; Chen, Z.; Zhang, S.; Zhang, C.; Zhou, G.; Lu, 

Z. Electrophoresis 2006, 27, 3904-3915. 

(2) Zasedateleva, O. A.; Mikheikin, A. L.; Turygin, A. Y.; Prokopenko, D. V.; Chudinov, 

A. V.; Belobritskaya, E. E.; Chechetkin, V. R.; Zasedatelev, A. S. Nucleic Acids Res. 

2008, 36, e61/1-e61/11. 

(3) Mitra, R. D.; Church, G. M. Nucleic Acids Res. 1999, 27, e34. 

(4) Mitra, R. D.; Butty, V. L.; Shendure, J.; Williams, B. R.; Housman, D. E.; Church, G. 

M. Proc. Natl. Acad. Sci. USA 2003, 100, 5926-5931. 

(5) Samatov, T. R.; Chetverina, H. V.; Chetverin, A. B. Anal. Biochem. 2006, 356, 300-

302. 

(6) Marti, A. A.; Jockusch, S.; Stevens, N.; Ju, J.; Turro, N. J. Acc. Chem. Res. 2007, 40, 

402-409. 

(7) Bassam, B. J.; Gresshoff, P. M. Nat. Protocol 2007, 2, 2649-2654. 

(8) Hilal, H.; Taylor, J. A. J. Biochem. Biophys. Methods 2008, 70, 1104-1108. 

(9) Raymer, D. M.; Smith, D. E. Electrophoresis 2007, 28, 746-748. 

(10) Hein, I.; Flekna, G.; Wagner, M. Appl. Environ. Microbiol. 2006, 72, 6860-6861. 

(11) Lou, X.; Lewis, M. S.; Gorman, C. B.; He, L. Anal. Chem. 2005, 77, 4698-4705. 

(12) Okelo, G. O.; He, L. Biosens. Bioelectron. 2007, 23, 588-592. 

(13) He, P.; Zheng, W.; Tucker, E. Z.; Gorman, C. B.; He, L. Anal. Chem. 2008, 80, 3633-

3639. 



 

166 

 

(14) Sikes, H. D.; Hansen, R. R.; Johnson, L. M.; Jenison, R.; Birks, J. W.; Rowlen, K. L.; 

Bowman, C. N. Nat. Mater. 2008, 7, 52-56. 

(15) Lai, J. T.; Filla, D.; Shea, R. Macromolecules 2002, 35, 6754-6756. 

(16) Kydd, R. A.; Dunham, A. R. C. J. Mol. Struct. 1980, 69, 79-88. 

(17) Perruchot, C.; Khan, M. A.; Kamitsi, A.; Armes, S. P.; Watts, J. F.; Werne, T. V.; 

Patten, T. E. Eur. Polym. J. 2004, 40, 2129-2141. 

(18) Bonasera, V.; Alberti, S.; Sacchetti, A. BioTech. 2007, 43, 173-174. 

(19) Nafisi, S.; Saboury, A. A.; Keramat, N.; Neault, J. F.; Tajmir-Riahi, H. A. J. Mol. 

Struct. 2007, 827, 35-43. 

(20) Vardevanyan, P. O.; Antonyan, A. P.; Parsadanyan, M. A.; Davtyan, H. G.; 

Karapetyan, A. T. Exp. Mol. Med. 2003, 35, 527-533. 

  

 

 

 

 

 
 
 
 
 
 
 
 
 
 



 

167 

 

CHAPTER 6   APPLICATION OF RAFT-BASED DNA BIOSENSING IN HUMAN 
GENOMIC DNA DETECTION 

 

6.1. Introduction 

Since the demonstration of the first biosensor in 1962 by Clarks and Lyon, biosensing 

has been a rapidly growing field expanding from health-care industry to food safety control, 

to biowarfare defense, to environmental monitoring. The world market for biosensors was 

reported to be around $10.8 billion in 2007 with an estimated annual growth rate of ~10.4%.1 

Motivated by such high demand, annual worldwide investment in biosensor R&D has seen 

continuous increase. In 2009, there are over 1,000 articles published and 400+ patents 

issued/pending in the field.2-4 However, this impressive research output, in publications and 

patents, though undoubtedly testifies the enthusiasm and excitement of biosensing research, 

did not translate to broad success in biosensor commercialization; technology transfer from 

research labs to the sensing industry lags behind. It is in particular the case for DNA sensing. 

Despite of the discovery of new hereditary genetic disease loci following completion of the 

Human Genome Project and the presence of viral threats of biological terrorist attacks, DNA 

analysis continues to be primarily carried out in centralized labs with well-controlled 

environment. Field-friendly sensors that can be used directly at point-of-need/point-of-care 

by untrained personnel are rare except for a few commercial sensing kits reported. It is clear 

that a simple, fast, robust, inexpensive, and more importantly, portable DNA sensing 

approach with uncompromised sensing performance is needed to push forward technology 

advancements in fast DNA sequence pattern recognition with high sensitivity and accuracy.5 
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A chemical amplification approach using radical polymerization has been demonstrated 

for both DNA and protein analysis.6-9 It uses a chain-growing process that connects hundreds 

of monomers with carbon-carbon double bonds upon initiation of a propagating reaction; 

consequently exemplifies the traditional sensing readout of one detection tag per biological 

binding event (e.g. DNA hybridization, receptor-ligand binding, etc) to having more than 100 

tags per one binding event, achieving the goal of signal amplification. This amplification-by-

polymerization approach has enabled directly visualization of fewer than 2,000 copies of a 

synthetic oligonucleotide in a solution in a detector-free fashion.7 Assay throughput has been 

shown tunable by varying the polymerization reaction time from 10 min to a few hours, 

depending on the desired detection sensitivity.10 Sensitive, robust, and amenable to a portable 

format makes this approach attractive to address aforementioned market demands. However, 

its feasibility in handling complex genomic samples extracted from biological fluids without 

PCR has not been demonstrated, a crucial step towards the development of a viable DNA 

sensor for actual field applications. 

In this report we describe the use of the amplification-by-polymerization approach in 

gender determination of unknown donors by identification of the presence of 90-bp deletion 

at X chromosome position 89,810,740 that differentiates X and Y chromosomes in their 

blood samples.11 Human gender determination is part of important human identification 

systems in forensic and archaeological work.12,13 It is also essential in prenatal screening for 

the potential diseases related with gender genes, such as achromatopsia, hemophilia, 

Klinefelter’s syndrome, etc.14-16 This particular X-Y homologous region has been 

successfully used in quantifying human nuclear, mitochondrial and sex chromosome DNA 
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with good human specificity, target specificity, and multiplex compatibility.17,18 Twenty-six 

blood samples were collected by trained personnel. Gender determination using both 

amplification-by-polymerization and PCR were carried out in parallel for side-by-side 

comparison. 

 

6.2. Experimental Section 

6.2.1. Materials 

Au substrates (50-Å chrome followed by 1000-Å gold on float glass) were purchased 

from Evaporated Metal Films (Ithaca, NY). Dithiothreitol (DTT), triethylamine (TEA), 6-

mercapto-1-hexanol (MCH), N-hydroxysuccinimide acid (NHS), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide hydrochloride (EDC), dichloromethane, dioxane, N,N-

dimethylformamide (DMF), azobisisobutyronitrile (AIBN), acrylamide (electrophoresis 

grade), ammonium persulfate, urea, N,N,N’,N’-tetramethylenediamine (TEMED), Tris base, 

boric acid, and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich 

(St. Louis, MO), and used as received. 2-(1-Carboxy-1-

methylethylsulfanylthiocarbonylsulfany l)-2-methylpropionic acid (CMP) was a gift from 

Noveon (Cleveland, OH). Monomethoxy-capped oligo(ethylene glycol) methacrylate 

(OEGMA; mean degree of polymerization, 7 to 8) was a gift from Cognis Ltd (Hythe, U.K.). 

OEGMA was purified by removing the methyl hydroquinone inhibitor. The column packing 

materials was purchased from Sigma-Aldrich, and the column was packed in house. All 

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

the sequences listed (Table 6.1). Standard male and female genomic DNA was purchased 
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from Promega at the concentration of 150 ng/µL and 159 ng/µL, respectively. PCR 

amplification was performed using HotStarTaq® DNA polymerase from Qiagen (Valencia, 

CA). SYBR® gold nucleic acid gel stain was purchased from Molecular Probes for double-

stranded DNA detection in electrophoresis gel. T4 DNA ligase was purchased from 

Stratagene (La Jolla, CA). Micro Bio-Spin® 30 Columns were purchased from Bio-Rad 

Laboratories for DNA purification. Genomic DNA purification kit was purchased from 

Gentra (Minneapolis, MN) for genomic DNA extraction and purification from human blood. 

 

6.2.2. Genomic DNA Extraction from Human Blood 

Clinical human blood samples were collected by a phlebotomist from male and female 

volunteers under the IRB protocol (FWA00003429). Commercial DNA purification kit was 

used for DNA extraction. Specifically, each human blood sample (0.4 mL) was mixed with 

1.2 mL red blood cell lysis solution in a microfuge tube and incubated for 10 min at room 

temperature, following the manufacturer’s instruction. The solution was centrifuged for 2 

min to pellet the white blood cells and the supernatant was pipetted off without disturbing the 

white blood cells pellet. The pellet was vortexed at high speed for 30 s and added into 100 

µL white blood cell lysis solution to completely resuspend white blood cells. The solution 

was vortexed at high speed for 30 s to lyse the cells and added into another 200 µL DNA 

binding solution, followed by mixing at high-speed vortex. The entire lysate was pipetted 

onto a clear purification column and centrifuged for 1 min. 200 µL Wash solution was 

subsequently added, followed by another centrifugation for 1 min. The washing step was 

repeated one more time. The purification column was then transferred to a new tube and 75 
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µL DNA elution solution was added to the purification column, followed by centrifugation 

for 1 min. The elution step was repeated once. The final eluted DNA concentration was 

measured by UV-vis spectra before stored at -20 ºC for the next step. An Agilent 8453E 

UV−visible spectrophotometer was used to quantify the amount of extracted DNA in 

unknowns at 260 nm. The concentration of extracted DNA was adjusted to the same 

concentration as the standard. 

 

6.2.3. Probe Design for Sex-Specific Genomic DNA 

All DNA sequences used in human genomic DNA detection are listed in Table 6.1. The 

sensor surface was spotted manually with three different capture probes, probe X (5’-pCAC 

ATT GTC TGG CAC T20-C3-S-S-C33’), probe Y (5’-pCAC ATC GTA TCC TAG T20-C3-S-

S-C33’) and probe Neg (5’-pTAA CAA TAA TCC CTC A20-C3-S-S-C33’) as the negative 

control. The detection probes X (5’-NH2-C6-T20 AAT TAC ACC ATT TAT 3’) and Y (5’-

NH2-C6-T20 AAT TAC ATC ATT TAT 3’) were complementary to the regions adjacent to 

the sequences complementary to the capture probes in chromosomes X and Y, respectively. 

Two blocking sequences (5’-TTA ATT CCT CTC TCC ATT ATG TTC 3’ and 5’-CAC 

GAA CTT TAA TTA GTC ACC TAC 3’) were short oligonucleotides complementary to the 

homologous region in X and Y chromosomes adjacent to the hybridization segments to block 

natural gDNA duplexes re-association. 
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6.2.4. Amplification-by-Polymerization for DNA detection 

Gold substrates were cleaned in a piranha solution prior to the use (70% H2SO4, 30% 

H2O2, hazard solution, potentially explosive, handle with care!). The disulfide bonds at the 

3'-ends of all three capture probes, including probe X, probe Y, and negative control probe 

Neg, were reduced to generate free thiol groups for fast surface immobilization. Specifically, 

3 µL of stock oligonucleotide solution at 100 µM was mixed with 0.0025 mmol of DTT (0.1 

M, 25 µL) and 1 µL of TEA at room temperature for 20 min. After reduction, the excess 

amount of DTT was removed using a Micro Bio-Spin® 30 column. The concentrations of the 

reduced oligonucleotides were adjusted to 1 µM in a KH2PO4 buffer (1 M, pH 4.4), followed 

by spotting onto Au substrates at room temperature. The substrates were incubated in a 

humid chamber for 16-20 h to allow immobilization reaching completion. The surfaces were 

then incubated in a 1-mM MCH aqueous solution for 1 h, followed by copious rinsing with 

DI water and dried under N2. 

A solution of CMP (0.10 M) in dichloromethane (DCM) was cooled in an ice bath. A 

mixture of NHS (0.10 M) and EDC (0.10 M) in dioxane was added to the solution drop-

wise.7 Upon completion, the reaction mixture was stirred under room temperature for 1 h, 

followed by filtration to remove any precipitates. The solution was then washed with 

saturated NaHCO3, followed by washing with water and dried over MgSO4. Evaporation in 

vacuo resulted in a crude yellow solid product to be used directly without further purification. 

The chemical structure of the product was confirmed by NMR in previous reports.7,19 

Oligonucleotide probes (detector X and detector Y, 0.3 nmol for each) and 5 µL of 

conjugation buffer (1.0 M NaHCO3/Na2CO3, pH 9.0) were added into a centrifuge tube, 
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followed by addition of the freshly prepared CTA ester solution (10 mg/mL in DMF). After a 

30-min reaction at room temperature, unreacted NHS ester was removed by column filtration. 

Prior to gDNA hybridization, 3 µL Genomic DNA samples were pre-heated to 95 °C for 

5 min. After adding 1 µM solution of two blocking oligonucleotides (1 µL each), the 

mixtures were cooled down to 47 °C for 5 min, unless otherwise specified. After adding the 

CTA-coupled detector probes (1 µM, 3 µL) or unmodified detection probes in one of the 

control experiments to the mixture at 47 °C for another 5 min, the gDNA mixture was 

introduced to the probes X, Y and Neg-attached Au surfaces, in a humidity chamber at room 

temperature. 1 M NaCl in Tris-EDTA (TE, 10 mM Tris-Cl, 1 mM EDTA) was used as the 

hybridization buffer. After 10-h hybridization, stringent washes with a NaCl/phosphate 

buffer (50 mM NaCl, 10 mM phosphate buffer, pH 7) were performed to selectively denature 

the non-complementary duplexes. After hybridization, the surface was reacted with 20 µL of 

a solution containing 4 units of T4 DNA ligase in 30% PEG 8000/10 × T4 DNA ligation 

buffer without DTT. The reaction was allowed to proceed for 10 h at room temperature 

before rinsing with water. The surface was subsequently incubated in 8.3 M urea for 15 min 

and rinsed with water. 

Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization was the 

radical polymerization reaction of select in this report for its good sensitivity.7,19 In a typical 

surface-initiated RAFT polymerization, a solution of OEGMA (5 mL, 13.2 mmol), DI H2O 

(5 mL) and AIBN (0.004 mmol) was purged with N2 for 30 min in an ice bath to reduce the 

amount of O2 in the reaction system. The DNA-immobilized Au substrate was placed in a 

glass container and also degassed by purging N2 for 30 min. The OEGMA mixture was then 



 

174 

 

injected into the container where the Au substrate was located, and the container under N2 

protection was then transferred to a water bath of 30 ºC to allow polymerization to occur. 

Polymerization was stopped by quenching the reaction in an ice bath and the substrate was 

removed from the reaction mixture. The substrates were thoroughly rinsed and bathed in 

methanol overnight to remove nonspecifically adsorbed monomers. The polymer films 

formed on the substrates were characterized using ellipsometry to quantitate the amount of 

polymers growing under different conditions. 

 

6.2.5. PCR Amplification and Gel Electrophoresis 

PCR amplification was performed using HotStarTaq DNA polymerase from Qiagen. 

The primers used in PCR amplifications were designed according to the previous report 

where the reverse primer has the sequence of 5’-TTA ATT CCT CTC TCC ATT ATG TTC 

3’ and the forward primer of 5’-CAC GAA CTT TAA TTA GTC ACC TAC 3’.11 Each PCR 

tube contained 300 ng human genome templates, 30 pmol forward primers, 30 pmol reverse 

primers, 200 μM dNTPs, 1.5 mM MgCl2 and 5U HotStarTaq DNA polymerase in a 100 μL 1 

× PCR buffer. PCR cycling conditions were set as an initial 15 min at 95 °C to activate the 

HotStarTaq DNA polymerase, followed by 30 amplification cycles of denaturation at 95 °C 

for 1 min, annealing at 56 °C for 30 s and extension at 72 °C for 20 s. A gel solution (1.40 

mL 10 × TBE electrophoresis buffer, 5.20 mL 40% acrylamide solution, 125 µL 10% 

ammonium persulfate, 6.72 g urea, 7.325 mL H2O) was prepared and allowed to polymerize 

in the gel mold at room temperature. When the gel was ready, DNA samples from PCR were 
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directly loaded for electrophoresis under 208 V. After 1 h, the gel was removed from glass 

plates and stained with SYBR® gold for 40 min, followed by direct imaging under UV light. 

 

6.2.6. Instrumentation  

The thickness of the polymer films grown on the Au substrates was measured using an 

AutoEL-III Automatic ellipsometer (Rudolph Research Inc.). The instrument irradiated the 

substrates at a 70 incident angle. The reflective index of 1.51 was used for calculation.20 All 

surface measurements were conducted with dried samples. Each substrate was measured 

before and after the RAFT reaction and the difference in film thickness was calculated and 

attributed to film growth. The error bars were calculated experimental standard deviations 

from four replicates. 

1H and 13C NMR spectra were collected on a Mercury 300 MHz spectrometer (Varian, 

Inc.) with CDCl3 as the solvent. For PCR, the DNAs were amplified on the Mx3000P 

thermocycler (Stratagene). Vertical gel electrophoresis apparatus (model V15.17) from 

Biometra was used for gel electrophoresis. An Agilent 8453E UV−visible spectrophotometer 

was used for UV-vis measurement. 

 

6.3. Results and Discussion 

Probe design in sex-specific gDNA detection. Design of the appropriate probes is a 

critical step to ensure successful gDNA detection with high fidelity. Schemes 6.1-6.3 show 

the probes used in this study, based on the successful detection of 90bp deletion in the human 

X chromosome in an X-Y homologous region first discovered by Batzer and his 
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colleagues.11,18 In particular, the capture probe Y is complementary to a unique segment in 

chromosome Y. It is therefore used to differentiate male from female samples, i.e. positive 

polymer growth (a white spot on the Au substrate) is expected at the spot Y where the 

capture probe Y is immobilized only when the gDNA sample was collected from a male 

donor. Note that although the capture probe X is complementary to the homologous region in 

both X and Y chromosomes, only the binding of X would allow positive growth of polymers 

because only when hybridizes to the X chromosome, the capture probe X and the detection 

probe are placed next to each other that allows the subsequent ligation reaction to covalently 

attach the CTA moiety on the surface. On the other hand, when Y chromosome is bound to 

the probe X, no ligation occurs and the CTA-labeled detection probe is released from the 

surface during the urea wash prior to polymer growth. Given both male and female samples 

contain at least one X chromosome, positive polymer growth atop the spot X where the 

capture probe X is immobilized is expected for both female and male samples. Spot X is 

therefore used in our assays as the positive control to assess positive polymer growth, albeit a 

thinner film is expected from male samples (~50% less). The Neg probe is designed such it 

has less than eight consecutive bases complementary to any section in human genomic DNA; 

thus is not expected to form any stable DNA duplexes on the surface. The Neg spot serves as 

the negative control spot to evaluate background responses from nonspecific adsorption. 

Scheme 6.4 illustrates the general process used in gender-specific gDNA detection. 

Specifically, the gDNA sample was either purchased commercially or extracted from the 

blood of anonymous donors using commercial genomic DNA extraction and purification kit, 

as specified in the text. Long chain DNA was mechanically shortened to several hundred 
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bases per fragment using the shear force of a pipet tip and the gDNA concentration was 

quantified and normalized by UV-vis measurements. A high temperature (95 °C) was used to 

dissociate the genomic DNA duplex structure, and two short blocking oligonucleotides (1 

µM each) were added at 47 °C during annealing to prevent genomic DNA reassociation near 

the hybridization areas.21 The sequences of the blocking oligonucleotides were designed such 

that one was partially complementary to the region adjacent to the sequence complementary 

to the capture probe X and the other to the complementary gDNA at the region adjacent to 

the corresponding binding site of the detection probes X or Y (Scheme 6.2). Freshly prepared 

CTA-coupled detection probes were also added to the gDNA samples at 47 °C. Meanwhile, 

the capture probes complementary to portions of X and Y sequences were immobilized on a 

Au surface in an array format. Upon introducing the gDNA samples pre-hybridized with the 

detection probe X or Y, the gDNA was expected to hybridize to the appropriate capture 

probes and the RAFT CTA reagents were affixed to the surface. A T4 ligase was 

subsequently employed to connect the nicks between the adjacent capture probes and the 

detection probes to permanently anchor the detection probes on the surface, along with the 

RAFT CTA reagents. Combining with the subsequent urea washes this step serves to reduce 

any nonspecific binding of gDNA or detection probes on the surface. As the last step, the 

DNA-coated substrates were put into a RAFT polymerization mixture containing OEGMA as 

the monomer and AIBN as the initiator. Positive polymer growth at the CTA-attached sites 

would illustrate the presence of corresponding sequences in the gDNA samples analyzed. 

Concept-proof detection of gDNA. Commercially purchased male and female gDNA 

samples with known quantities were first used in the concept-proof experiments. Meanwhile, 
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a short linker oligonucleotide (Linker) complementary to the capture probe X as the positive 

control and a non-complementary oligonucleotide as the negative control were analyzed in 

parallel to examine the binding efficiency of long chain gDNA and nonspecific adsorption of 

background (Figure 6.1). After polymerization, polymer growth atop the X spots after 

incubating with the male and female gDNA was clearly distinguishable from the surrounding 

background, with the thickness of 5.5 ± 0.3 nm and 9.4 ± 0.7 nm, respectively. The thickness 

of the polymer film on the X spot after incubating with the short oligonucleotide Linker is 26 

± 3 nm, suggesting ~36% hybridization efficiency of gDNA on a 2-D surface. It is not 

unexpected, giving the long sequence of genomic DNA and gDNA duplex reassociation. The 

film thickness on the negative control spot is 1.0 ± 0.1 nm, probably due to nonspecific 

adsorption of noncomplementary target sequences on the capture probes and/or adsorption of 

monomer/polymer formed in solution to the surface. 

The thickness measurements of polymer growth from genomic male and female 

sequences as targets hybridized with the capture probes X and Y yielded the readings of 9.4 

± 0.7 nm (spot X/female), 1.8 ± 0.3 nm (spot Y/female), 5.5 ± 0.3 nm (spot X/male), 5.7 ± 

0.5 nm (spot Y/male), and 1.3 ± 0.4 nm (negative control). The almost doubled thickness 

measured from the female sample is expected due to the presence of two X chromosomes, 

whereas similar polymer growth is observed from the male sample where X and Y 

chromosomes are present in an equal molar concentration. Visually two white spots were 

clearly identified for the chip incubated with the male sample but only one spot changed 

opacity when the chip was incubated with the female sample. 



 

179 

 

Assay optimization for gDNA detection. Genomic DNA is double-stranded long chain 

DNA that forms thermodynamically the most stable duplexes than any other hybridization 

products to be formed during assays. Consequently, effective denaturation and blocking to 

interrupt any possible re-formation of these duplexes is critical for successful gDNA 

detection. Several important experimental conditions, such as the selection of the blocking 

oligonucleotides, annealing temperature, and annealing time, were studied to achieve the 

most optimal assay outcome without significantly complicating the assay procedure. Because 

the female sample is easier to be distinguished from the background than the male sample, 

the commercially purchased male gDNA sample was used in the following optimization 

experiments. 

The sequences of blocking oligonucleotides were designed such that one sequence was 

in immediate adjacency to the hybridization site of the capture probes and the other to the 

opposite strand to eliminate the possibility of gDNA binding back to the sensing strand near 

the detection probe binding sites if left unblocked. The benefit of using the blocking reagents 

is clearly shown in Figure 6.2. Using the thermal treatment alone yielded a polymer film of 

4.1 ± 0.8 nm, a 25% reduction of hybridization efficiency comparing to the previous case 

where two blocking sequences were used. In addition, the assay reproducibility deteriorated 

(CV% increased to 20%), probably because the amount of natural gDNA duplexes re-formed 

in each experiment varied depending on the sitting time between thermal denaturation and 

surface hybridization. The use of one blocking oligonucleotide (the one next to the capture 

probe) improved the performance to 82% and the variation reduced to 9%. Giving the fact 

that adding one more blocking oligonucleotide to the assay did not increase the assay time, 
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did not complicate the assay procedure, only slightly increased the assay cost, but the 

hybridization efficiency increased an additional 18% and the reproducibility of the assay 

improved to 4%, two blocking sequences were selected in the subsequent studies. 

As in PCR, the selection of an appropriate annealing temperature in both hybridization 

steps is important in ensuring successful blocking with maximum denaturation efficiency and 

minimal nonspecific binding of the detection probes that could lead to false positive 

identification. For the selected blocking oligonucleotides the lowest melting temperature is 

49 °C. Figure 6.3 shows the optimal annealing temperature was identified at 2 °C below the 

lowest Tm, i.e. 47 °C, to achieve the most effective blocking and pre-hybridization, 

subsequently the maximal polymer growth. 

Figure 6.4 shows the annealing time effect on the thermal denaturation of genomic DNA. 

Because the blocking oligonucleotides are in vast excess to the denatured genomic DNA 

targets, the annealing and pre-hybridization reactions occurred quickly once the 

oligonucleotides were added. Longer annealing time led to little increase in the amount of 

hybridization products formed; rather, it inevitably increased the likelihood of unspecific 

binding, especially between long chain gDNA. It is clear that longer the annealing time the 

fewer polymers formed on the surface with larger error bars. For example, with 30 min 

annealing a polymer film of 3.8 ± 0.6 nm was obtained, a 31% reduction to the one in which 

5 min annealing was used. In addition, the assay reproducibility deteriorated (CV% increased 

to 16%). Giving the fact that short annealing time not only improved the hybridization 

efficiency and the assay reproducibility, but also shortened the assay time, 5 minutes as 

annealing time were selected in the subsequent studies. 
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In summary, the optimal gDNA detection was achieved by using two blocking 

oligonucleotides, annealing at 47 °C for 5 min, which was used in the following study. 

Blind determination of donor genders from actual blood samples. After establishing the 

proper protocol for gDNA analysis, blind test of actual blood samples collected from 26 

donors was carried out using both amplification-by-polymer (RAFT) and PCR-based gel 

electrophoretic detection in parallel. A commercial kit was used for gDNA extraction and 

purification to allow the results to be comparable to the reported literature procedures.  All 

gDNA collected after following the kit manufacturer protocol was adjusted to 3.75 ng/µL 

prior to PCR or RAFT analysis. The amount of materials used and the cost of assays for PCR 

and RAFT were compared side by side in Table 6.2. 

For amplification-by-polymerization meaningful polymer growth at both spots X and Y 

showed positive detection of male samples whereas the polymer growth solely at the spot X 

confirmed the testing samples to be female. While visual distinction of the spots has been 

used in rough estimate of experimental results, ellipsometric readouts were used here for 

more objective data interpretation. Two criteria were used based on the prior experimental 

results: (1) a polymer film thickness of more than 3.5 nm was considered to be meaningful 

polymer growth with a distinctive difference from the background (control signal + 3x 

measurement variation); (2) when the criterion one was fulfilled, 

thickness(X)/thickness(Y)>2 was considered to be from a female sample; otherwise it was 

assigned to a male sample. In PCR-based gel electrophoretic analysis, two blocking 

oligonucleotides were used as the primers to amplify the segments where the 90-base 

deletion located. PCR conditions were optimized to achieve the best amplification results. 
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Visualization of a 79-base fragment on the PAGE gel indicates the presence of the human X 

chromosome and a 169-base fragment illustrates the human Y chromosome (Figure 6.5). 

When the intensity of the 79-base band vs. that of the 169-base band is larger than 2 a 

positive detection of the female sample is established. The loss of the 79-base band (positive 

control) indicates unsuccessful PCR amplification due to the low concentration of the starting 

materials and the result was assigned as inconclusive. The actual gender information of the 

donors was also available from blood collection, and was used to calculate the detection 

success rates. As shown in Table 6.3, the detection fidelity of amplification-by-

polymerization on sex-specific gDNA is 96% for 26 unknown samples tested, which is 

comparable, if not better, than that from PCR amplification. More inconclusive results were 

obtained using PCR due to the small amount of sample volume available for analysis, a 

benefit of the new sensing method over PCR. One false negative is reported where polymers 

failed to grow on the Y spot. The cause is unclear at the moment and a larger screening test is 

needed to evaluate its statistic significance. 

 

6.4. Conclusions 

PCR-free detection of human genomic DNA was demonstrated successfully using 

amplification-by-polymerization. The grafting polymer thickness measured from 

ellipsometry acted as a judge to differentiate male and female samples after a series of steps 

including DNA denaturation and blocking, hybridization and ligation, and RAFT 

polymerization. The number of blocking oligonucleotides, annealing temperature, and 

annealing time, mostly affecting the DNA biosensing performance, were investigated 
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systematically to optimize the experimental conditions of this method. The detection fidelity 

is 96% in 26 unknown samples for testing, confirmed with PCR results. As an important 

improvement in DNA analysis, the applicability of direct genomic sensing is wide, from food 

analysis to clinical gene screenings. 

Compared with PCR technique, amplification-by-polymerization approach displays four 

merits: (1) the assay is a polymerase-free process; (2) PCR thermocyclers and gel 

electrophoresis instruments are not required in DNA amplification and detection; (3) better 

detection fidelity for the small-scale samples analyzed; and (4) the assays consumes less 

materials with a reduced cost. 
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Scheme 6.1. Sequence alignment of the homologous region of the human gender 
chromosomes used in this study (only one sequence was shown for each chromosome). The 

dashes represent a 90bp deletion specific to the human X chromosome. 
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Scheme 6.2. Probe design for sex-specific gDNA detection used in this study. The color 
schemes correct to the specific sequences in Scheme 6.1. 
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Scheme 6.3. Sensor design and the expected color change in sex-specific gDNA detection 
assays. White spots represent positive polymer formation whereas the unchanged spots 

represent no polymer growth. 
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Scheme 6.4. Schematic illustration of PCR-free sex-specific gDNA detection using 
amplification-by-polymerization. 
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Table 6.1. Summary of the DNA sequences used in this study. 

 

Name Sequence Description 
Capture probe X  5’-pCAC ATT GTC TGG CAC T20-

C3-S-S-C33’ 
Capture probe partially complementary to 

both X and Y chromosomes of gDNA  

Capture probe Y 5’-pCAC ATC GTA TCC TAG T20-
C3-S-S-C33’ 

Capture probe partially complementary to Y 
chromosome of gDNA  

probe Neg 5’-pTAA CAA TAA TCC CTC A20-
C3-S-S-C33’ 

Negative control to subtract nonspecific 
adsorption background 

Detector probe X 5’-NH2-C6-T20 AAT TAC ACC ATT 
TAT 3’ 

Detection probe partially complementary to 
X chromosome of gDNA  

CTA-detector 
probe X 

5’-HOOC(CH3)2CCS3C(CH3)2CONH-
C6-T20 AAT TAC ACC ATT TAT 3’ CTA-coupled detection probe X  

Detector probe Y 5’-NH2-C6-T20 AAT TAC ATC ATT 
TAT 3’ 

Detection probe partially complementary to 
Y chromosome of gDNA  

CTA-detector 
probe Y 

5’-HOOC(CH3)2CCS3C(CH3)2CONH-
C6-T20 AAT TAC ATC ATT TAT 3’ CTA-coupled detection probe Y  

Short linker target 
(Linker) 

5’-TGC CAG ACA ATG TGA TAA 
ATG GTG TAA 3’  

Perfectly matched oligo DNA 
complementary to capture probe X and 

detection probe X  

Blocking 
oligonucleotide 1 & 

reverse primer 

5’-TTA ATT CCT CTC TCC ATT 
ATG TTC 3’ 

Block hybridization of natural gDNA; also 
used as the reverse primer for PCR  

Blocking 
oligonucleotide 2 & 

forward primer 

5’-CAC GAA CTT TAA TTA GTC 
ACC TAC 3’ 

Block hybridization of natural gDNA; also 
used as the forward primer for PCR  
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Table 6.2. A comparison between PCR-based and RAFT-based gDNA detection. 

 

 PCR-based detection RAFT-based 
detection 

The amount of raw materials 
needed (ng) 300 3.75 

Assay time (h) 12 24 

% success rate 81% 96% 

Cost  
(estimate based on the amount 

of enzyme, monomer used) 
$5 per sample $1 per sample 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

190 

 

 

Table 3. Gender determination of unknown blood samples using  
amplification-by-polymerization (RAFT) or PCR. 

 

Sample number  
Polymer 

thickness on 
spot X (nm) 

Polymer 
thickness on 
spot Y (nm) 

Gender ID by 
RAFT 

Gender ID 
by PCR 

Actual gender ID 
of donors 

1 17 ± 9 17 ± 2 Male Inconclusive Male 
2 7.5 ± 0.5 9± 1 Male Male Male 
3 15.8 ± 0.4 17± 1 Male Inconclusive Male 
4 9 ± 3 5.6 ± 0.3 Male Male Male 
5 5.5 ± 0.3 14.1 ± 0.5 Male Inconclusive Male 
6 21.6 ± 0.8 2.3 ± 0.02 Female Inconclusive Female 
7 8 ± 2 2.8 ± 0.4 Female Female Female 
8 5.4 ± 0.7 2.1 ± 0.1 Female Inconclusive Female 
9 4.2 ± 0.05 2.3 ± 0.3 Female Male Male 

10 4.2 ± 0.2 4.2 ± 0.1 Male Male Male 
11 10 ± 3 6.1 ± 0.1 Male Male Male 
12 10 ± 4 2.9 ± 0.2 Female Female Female 
13 7 ± 1 2.2 ± 0.1 Female Female Female 
14 4.8 ± 0.5 2.4 ± 0.02 Female Female Female 
15 5 ± 2 2.6 ± 0.4 Female Female Female 
16 8 ± 5 2.3 ± 0.2 Female Female Female 
17 9 ± 2 6.5 ± 0.2 Male Male Male 
18 4.7 ± 0.1 4.5 ± 0.2 Male Male Male 
19 6.4 ± 0.2 2.2 ± 0.1 Female Female Female 
20 6.8 ± 0.2 2.7 ± 0.5 Female Female Female 
21 6.0 ± 0.04 2.3 ± 0.1 Female Female Female 
22 11 ± 3 13.0 ± 0.9 Male Male Male 
23 10 ± 3 5.7 ± 1.8 Male Male Male 
24 9.4 ± 0.7 3.3 ± 0.04 Female Female Female 
25 5.6 ± 0.5 2.9 ± 0.2 Female Female Female 
26 12.0 ± 0.3 3.2 ± 0.1 Female Female Female 

Summary   Success rate: 
96% 

Success rate: 
81%  
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Figure 6.1. Concept proof of human genomic DNA detection using amplification-by-
polymerization: Genomic male and female sequences as targets in capture probes X and Y-
coated Au surface, respectively, for genomic DNA recognition compared with short linker 
sequences as positive control and noncomplementary sequences as negative control. The 
error bars were calculated from four replicates. 
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Figure 6.2. Blocking oligonucleotide number effect on thermal denaturation of genomic 
DNA with blocking oligonucleotides. The error bars were calculated from four replicates. 
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Figure 6.3. Annealing temperature effect on thermal denaturation of genomic DNA with 
blocking oligonucleotides. The error bars were calculated from four replicates. 
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Figure 6.4. Annealing time effect on thermal denaturation of genomic DNA with blocking 
oligonucleotides. The error bars were calculated from four replicates.  
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Figure 6.5. A representative gel image of PCR detection of unknown samples 11-17#. L: 
standard ladder DNA; F: known female gDNA sample; M: known male gDNA sample. 
Experimental conditions see the text. 
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