
 

i

v 

 

 

Enzymatic Polymerization of High Molecular Weight DNA 

by 

Lei Tang 

Department of Mechanical Engineering and Materials Science 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Stefan Zauscher, Supervisor 

 

___________________________ 

Ashutosh Chilkoti 

 

___________________________ 

Yaroslava G. Yingling 

 

___________________________ 

Piotr E Marszalek 

 

___________________________ 

Thomas LaBean 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor of Philosophy in the Department of 

Mechanical Engineering and Materials Science in the Graduate School 

of Duke University 

 

2016 

 

 



 

i

v 

 

ABSTRACT 

Enzymatic Polymerization of High Molecular Weight DNA 

by 

Lei Tang 

Department of Mechanical Engineering and Materials Science 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Stefan Zauscher, Supervisor 

 

___________________________ 

Ashutosh Chilkoti 

 

___________________________ 

Yaroslava G. Yingling 

 

___________________________ 

Piotr E Marszalek 

 

___________________________ 

Thomas LaBean 

 

An abstract of a dissertation submitted in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy in the Department of Mechanical Engineering and 

Materials Science in the Graduate School of 

Duke University 

 

2016 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Lei Tang 

2016 

 



 

 

iv 

Abstract 

The use of DNA as a polymeric building material transcends its function in 

biology and is exciting in bionanotechnology for applications ranging from biosensing, 

to diagnostics, and to targeted drug delivery. These applications are enabled by DNA’s 

unique structural and chemical properties, embodied as a directional polyanion that 

exhibits molecular recognition capabilities. Hence, the efficient and precise synthesis of 

high molecular weight DNA materials has become key to advance DNA 

bionanotechnology. Current synthesis methods largely rely on either solid phase 

chemical synthesis or template-dependent polymerase amplification. The inherent step-

by-step fashion of solid phase synthesis limits the length of the resulting DNA to 

typically less than 150 nucleotides. In contrast, polymerase based enzymatic synthesis 

methods (e.g., polymerase chain reaction) are not limited by product length, but require 

a DNA template to guide the synthesis. Furthermore, advanced DNA 

bionanotechnology requires tailorable structural and self-assembly properties. Current 

synthesis methods, however, often involve multiple conjugating reactions and extensive 

purification steps. 

The research described in this dissertation aims to develop a facile method to 

synthesize high molecular weight, single stranded DNA (or polynucleotide) with 

versatile functionalities. We exploit the ability of a template-independent DNA 
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polymerase−terminal deoxynucleotidyl transferase (TdT) to catalyze the polymerization 

of 2’-deoxyribonucleoside 5’-triphosphates (dNTP, monomer) from the 3’-hydroxyl 

group of an oligodeoxyribonucleotide (initiator). We termed this enzymatic synthesis 

method: TdT catalyzed enzymatic polymerization, or TcEP. 

Specifically, this dissertation is structured to address three specific research aims. 

With the objective to generate high molecular weight polynucleotides, Specific Aim 1 

studies the reaction kinetics of TcEP by investigating the polymerization of 2’-

deoxythymidine 5’-triphosphates (monomer) from the 3’-hydroxyl group of 

oligodeoxyribothymidine (initiator) using in situ 1H NMR and fluorescent gel 

electrophoresis. We found that TcEP kinetics follows the “living” chain-growth 

polycondensation mechanism, and like in “living” polymerizations, the molecular 

weight of the final product is determined by the starting molar ratio of monomer to 

initiator. The distribution of the molecular weight is crucially influenced by the molar 

ratio of initiator to TdT. We developed a reaction kinetics model that allows us to 

quantitatively describe the reaction and predict the molecular weight of the reaction 

products. 

Specific Aim 2 further explores TcEP’s ability to transcend homo-polynucleotide 

synthesis by varying the choices of initiators and monomers. We investigated the effects 

of initiator length and sequence on TcEP, and found that the minimum length of an 

effective initiator should be 10 nucleotides and that the formation of secondary 
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structures close to the 3’-hydroxyl group can impede the polymerization reaction. We 

also demonstrated TcEP’s capacity to incorporate a wide range of unnatural dNTPs into 

the growing chain, such as, hydrophobic fluorescent dNTP and fluoro modified dNTP. 

By harnessing the encoded nucleotide sequence of an initiator and the chemical diversity 

of monomers, TcEP enables us to introduce molecular recognition capabilities and 

chemical functionalities on the 5’-terminus and 3’-terminus, respectively. 

Building on TcEP’s synthesis capacities, in Specific Aim 3 we invented a two-step 

strategy to synthesize diblock amphiphilic polynucleotides, in which the first, 

hydrophilic block serves as a macro-initiator for the growth of the second block, 

comprised of natural and/or unnatural nucleotides. By tuning the hydrophilic length, we 

synthesized the amphiphilic diblock polynucleotides that can self-assemble into micellar 

structures ranging from star-like to crew-cut morphologies. The observed self-assembly 

behaviors agree with predictions from dissipative particle dynamics simulations as well 

as scaling law for polyelectrolyte block copolymers. 

In summary, we developed an enzymatic synthesis method (i.e., TcEP) that 

enables the facile synthesis of high molecular weight polynucleotides with low 

polydispersity. Although we can control the nucleotide sequence only to a limited 

extent, TcEP offers a method to integrate an oligodeoxyribonucleotide with specific 

sequence at the 5’-terminus and to incorporate functional groups along the growing 

chains simultaneously. Additionally, we used TcEP to synthesize amphiphilic 
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polynucleotides that display self-assemble ability. We anticipate that our facile synthesis 

method will not only advance molecular biology, but also invigorate materials science 

and bionanotechnology.
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1. Introduction and background 

1.1 Introduction and overview 

The increasing insight into the structure and functionality of DNA has expanded 

its potential beyond that of molecular biology, and has led to the development of 

structural DNA nanotechnology,1, 2 in which DNA is used not only as a genetic material 

but also a polymeric, structural material, merging the growing field of nanotechnology 

and biotechnology.3-5 By deliberately manipulating DNA’s molecular recognition ability 

and chemical structure, DNA can adopt complex architectures6 or be induced to self-

assemble into micellar structures.3 These multifunctional DNA materials with unique 

structural and self-assembly properties, have large potential for biomedical applications, 

such as nanocarriers for medical therapeutics,4 and for non-biological nanotechnology 

applications, such as DNA-template scaffolds.7 

Given the emerging importance of DNA materials, the overall aim of this 

dissertation is to develop novel synthesis strategies for high molecular weight, single 

stranded DNA (ssDNA) with versatile chemical and structural functionalities, using a 

unique, template-independent DNA polymerase, terminal deoxynucleotidyl transferase 

(TdT). This dissertation is structured as follows: Chapter 1 presents background on the 

unique properties and features of DNA, the properties of TdT, the synthesis methods of 

DNA-based materials, and the self-assembly of DNA-based materials. Chapter 2 

presents fundamental understanding of the reaction kinetics mechanism of TdT 
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catalyzed enzymatic polymerization (TcEP), in which we propose a new kinetics model 

to describe the reaction progress, i.e., enzyme mediated “living” chain-growth 

polycondensation. This kinetics model is validated by monitoring the reaction progress 

through monomer conversion analysis with 1H NMR and molecular weight analysis by 

fluorescent gel electrophoresis. To expand TcEP’s synthesis ability, Chapter 3 presents 

the effects of length and identity of an initiator on the reaction efficiency, and the effect 

of unnatural nucleotide incorporation on the reaction progress of TcEP. In Chapter 4, we 

developed TcEP beyond the synthesis of homo-polynucleotide and show the successful 

synthesis of di-block polynucleotides by a two-step TcEP reaction. We first use TcEP to 

synthesis a natural homo-polynucleotide block and then re-initiate this first block and 

polymerize natural and/or unnatural nucleotides along the growing second block by 

TcEP again. Chapter 5 summarizes the major conclusions of the research and outlines 

future directions that build on our results with the goal to help advance the current 

DNA synthesis schemes and their applications in bionanotechnology. Finally, Appendix 

A presents details on the synthesis of a Cy5-tagged, homo-polynucleotide DNA ladder, 

and demonstrates the methodology for molecular weight distribution analysis of ssDNA 

using fluorescent gel electrophoresis. 
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1.2 Background 

1.2.1 The unique properties and features of DNA 

DNA is a complex molecule that consists of four major components: a 5’-

phosphate terminus, a phosphate-sugar backbone, nucleobases, and a 3’-hydroxyl 

terminus (Scheme 1-1). Compared with other linear polymers, these four components 

bestow unique properties to DNA which are briefly discussed next.8 

 

Scheme 1-1: Chemical structure of a tetramer oligonucleotide with four 

different nucleobases. 

 

1.2.1.1 Directionality 

A DNA molecule is inherently directional (Scheme 1-1). The 5’-end is attached to 

the fifth carbon position of deoxyribose (sugar-ring) that usually contains a phosphate 
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group. This 5’-phosphate permits the ligation between two strands. The 3’-end is 

attached to the third carbon position of deoxyribose that contains a hydroxyl group. This 

3’-hydroxyl group permits the elongation of the strand in the 5’-to-3’ direction and the 

ligation to the 5’-phosphate from another strand. This chemically encoded orientation 

enables DNA to be an information-storing molecule and is fundamental to DNA’s 

replication, transcription and translation properties in vivo. 

In molecular biology, modifications at the 5’- and 3’-terminus have been widely 

used as a tool to manipulate the reactions involving DNA ligases and polymerases. For 

example, the removal of the phosphate group from the 5’-end can prevent the undesired 

self-ligation, and the lack of the hydroxyl group at the 3’-end can interrupt the 

elongation of the DNA strand. The latter modification has been exploited for a dideoxy 

chain termination in the Sanger sequencing method.9 As shown in Scheme 1-2, both 

template-dependent and template-independent polymerases add 2’-

deoxyribonucleoside 5’-triphosphates (dNTP) onto the 3’-OH group of the primer, 

which determines the 5’-to-3’ direction of the growing DNA chain. The addition of 

nucleotides onto the 3’-terminus of primer by polymerase has also been widely used as 

an amplification medium in DNA and RNA biosensing.10-12  
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Scheme 1-2: DNA synthesis in the 5’-to-3’ direction. (i) A template-dependent 

polymerase polymerizes dNTP from the 3’-OH group of primer and guides the 

incorporation of correct dNTP. (ii) A template-independent polymerase adds dNTP 

onto the 3’-OH group of primer without the need of a template strand. 

1.2.1.2 Polyelectrolyte (DNA as a polyanion) 

DNA’s phosphate backbone makes it a highly negatively-charged polymer 

(Scheme 1-1). This polyanionic nature directly affects the interactions between DNA and 

other small molecules (e.g., salts) or macromolecules (e.g., proteins, polycations), and is 

thus critical for DNA’s biophysical properties. For example, (i) the melting temperature 

of DNA molecules is affected by the length (the amount of charges) of the DNA 

molecule and the ionic strength of the solvent, in addition to the specific nucleotide 

sequence; (ii) the ratio between DNA’s mass and its charges remains relatively constant, 
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and thus contributes to DNA’s electrophoretic mobility which is proportional to its 

molecular weight (MW). This unique electrophoretic mobility is exploited in gel 

electrophoresis and provides a straightforward means to determine the MW of DNA. A 

brief overview of DNA gel electrophoresis and our adaption of this method to analyze 

the MW distribution can be found in Appendix A. (iii) The negatively charged backbone 

also enables DNA to interact with positively charged polymers (e.g., poly(ethylenimine)) 

that can condense DNA to form nanoparticles which have been widely exploited in gene 

delivery systems.13 (iv) Finally, DNA can also serve as a negatively charged template for 

the formation of metallic nanostructures with applications in nanolithography.14, 15  

1.2.1.3 Molecular recognition capability 

The four nucleobases, adenine (A), thymine (T), cytosine (C) and guanine (G) as 

shown in Scheme 1-1, provide not only chemical diversity, but also the ability to encode 

(through their sequence) genetic information and underlie the exquisite fidelity in DNA 

molecular recognition ability. Aside from the base-pair interactions that generate the 

double helix structure, the nucleobases within one DNA molecule can form 

intramolecular, non-covalent bonds through canonical (A–T, G–C Watson-Crick base 

pairings) or non-canonical base pairings.16 For the latter case, four guanine can associate 

through Hoogsteen hydrogen bonding to form a square planar structure (guanine 

tetrad), and the stack of multiple guanine tetrads can generate a G-quadruplex structure, 

as shown in Scheme1-3 (a). 
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Scheme 1-3: (a) Chemical structure of guanine tetrad and the formed 

intramolecular G-quadruplex. (b) The sequence structure of the MUC1 aptamer used 

in Chapter 3. 

DNA’s molecular recognition capability also enables its self-assemble into three-

dimensional nanostructures, which are exploited in e.g., DNA origami and DNA 

aptamers. DNA origami is composed of a long strand of ssDNA and a large number of 

shorter “staple” strands, offering a programmable approach to organize these nano-

objects (i.e., DNA strands) in a pre-designed fashion based on their specific sequence 

recognitions.17 These programmable nanostructures can be used as a scaffold to precisely 

position molecules and nanoparticles, or be used as templates for the growth of 

nanowires and for inorganic surface patterning.12 For example, DNA origami 

nanostructures have been designed to self-assemble into 4×4 nanoribbons that act as a 

scaffold for the generation of highly conductive, silver nanowires.18 A plethora of 

reviews exist in this field.6, 19, 20  

Unlike DNA origami involving multiple DNA strands, a DNA aptamer is 

usually either a ssDNA or RNA oligonucleotide that forms a unique three-dimensional 
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structure that allows it to bind a specific target with high affinity. Aptamer technology 

has been applied for targeted therapeutics21 as well as in in vitro diagnosis and in vivo 

imaging.22 For therapeutics applications aptamers have shown high affinity towards a 

broad range of protein families including cytokines, proteases, kinases, and cell-surface 

receptors.21 For example, the sequence-induced secondary structure of the MUC1 

aptamer can recognize the O-glycan-peptide domain (sequence: APDTRPAPG) of MUC1 

that is overexpressed on the cancerous cell surface.23, 24 This specific affinity allows the 

internalization of the aptamer through endosomal and Golgi compartments, providing a 

targeted cellular delivery approach.25 Several comprehensive reviews can be found in 

this field as well.21, 26, 27 

1.2.1.4 DNA-modifying enzyme 

Another unique feature that sets DNA apart from other polymers is the existence 

of nucleic acid modifying enzymes that can manipulate DNA with molecular precision. 

These DNA-modifying enzymes can elongate DNA (e.g., polymerase), modify DNA 

(e.g., TdT, poly(A) polymerase), digest DNA (e.g., exonucleases), cut DNA (e.g., 

restriction endonucleases), unwind dsDNA (e.g., helicase), and convert DNA from RNA 

or vice versa (e.g., reverse transcriptase, T7 RNA polymerase). Since our polynucleotide 

synthesis approach mostly relies on the unique transferase TdT to polymerize 3’-

deoxyribonucleoside 5’-triphosphates (dNTP) from a short oligonucleotide, we will 

exclusively discuss the properties of TdT next. 



 

9 

1.2.2 Properties of Terminal deoxynucleotidyl Transferase (TdT) 

Our synthesis method employs a unique, template-independent polymerase, 

terminal deoxynucleotidyl transferase (TdT), which catalyzes the stepwise addition of 

dNTP to the 3’-hydroxyl terminus of an initiator.28 TdT was first discovered in 1960 

when it was isolated from the calf thymus gland as a deoxynucleotide polymerizing 

enzyme.29 The unusual characteristic of TdT is that it does not require a template to add 

nucleotides to the terminus of the growing chain; it only requires a short oligonucleotide 

that contains a free 3’-hydroxyl group, and the presence of divalent metal ions such as 

Mg2+, Mn2+, Zn2+, or Co2+, as cofactors.30-32 It is widely accepted that an oligonucleotide 

with a minimum length of 3 nucleotides (nt) is necessary to serve as an initiator for TdT 

catalyzed reactions. However, there is one controversial study that suggested TdT is 

capable of de novo synthesis of DNA fragments in the absence of an oligonucleotide.33 

This inconclusive result showed that the de novo synthesized, short DNA fragments have 

unusual structures that display resistance to nuclease digestion, which might be 

attributed to the non-canonical phosphodiester bonds. 

In vivo, TdT is responsible for diversifying the non-templated nucleotide (N) 

region by deliberately adding a random sequence of nucleotides to DNA termini during 

the rearrangement of variable (V), diversity (D) and joining (J) gene segments. These 

random gene segments play an important role in establishing the diverse antigen 

receptor repertoire that is an essential part of the adaptive immune system.31, 34 
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In vitro, several groups have demonstrated that TdT has preference for dGTP, 

dCTP, and dTTP over dATP, due to the favorable hydrogen-bonding interactions 

between the incoming dNTP and amino acids at the active site of the enzyme.30, 35 Early 

on, Bollum et al. explored the nature of TdT’s enzymatic reactions from a biochemical 

point-of-view.36 Specifically, they showed that the number of incorporated dNTPs is 

determined by the type of nucleotide and oligonucleotide chosen as the monomer and 

initiator, respectively. 37 To date, TdT has largely been used as a tool in biochemistry for 

terminal labeling and adding short oligonucleotides to an existing chain,38-40 e.g., homo-

polymeric tailing in rapid amplification of cDNA ends (RACE)41 and TdT-mediated 

dUTP nick end labeling (TUNEL) assay.42 The TUNEL assay relies on the ability of TdT 

to efficiently incorporate biotinylated dUTP on to the 3’-end of ssDNA for DNA 

fragmentation detection.43  

In contrast to previous work, this dissertation focuses on (i) understanding the 

underlying reaction mechanism of TdT from a polymerization point-of-view, (ii) using 

TdT as a tool to synthesize high molecular weight (MW) polynucleotides, and (iii) using 

TdT to introduce multiple functionalities into polynucleotide chains. We will discuss 

details of the reaction mechanism and the reaction kinetics of TdT catalyzed enzymatic 

polymerization in Chapter 2.  
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 1.2.3 Synthesis of DNA-based materials and its challenges 

The synthesis of DNA-based materials mainly depends on two strategies: (i) 

enzymatic DNA synthesis and (ii) solid phase synthesis of oligonucleotide. 

1.2.3.1 Enzymatic DNA synthesis 

Several biologically inspired strategies, such as polymerase chain reaction 

(PCR),44 enzymatic ligation,45 and rolling circle amplification (RCA)46 have been 

employed to synthesize DNA in a template-dependent manner. In other words, DNA 

can be enzymatically synthesized by artificially simulating the replication of natural 

DNA. In this realm, PCR is the most commonly used technique to generate copies of a 

particular DNA sequence by elongating a new DNA strand from a DNA template using 

polymerases (e.g., Taq polymerase). Although PCR is a highly effective tool to synthesize 

DNA, the DNA products are all just the copies of the template DNA. Similar to PCR, 

RCA is another strategy to mimic the process of DNA replication to synthesize long 

ssDNA, molecules by repeating a short, circular ssDNA template. A typical RCA 

product consists of repetitive sequence units that are complementary to the circular 

DNA template. RCA can produce chains that are hundreds of thousands of nucleotides 

in length, and is a powerful tool for the generation of periodic micro- or macroscale 

polynucleotide assemblies.46 Unlike PCR, RCA utilizes DNA polymerases that allow the 

reaction to proceed at room temperature (e.g., Phi29) and thus obviate the need for a 

temperature controller. In spite of the high MW resulting from RCA reactions, the MW 
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distribution is usually broad. In contrast to our method, these polymerase based 

amplification methods all require a DNA template, and the reaction products have to 

follow the template sequence. 

1.2.3.2 Solid phase synthesis of oligonucleotides 

Alternatively, advances in solid phase chemical synthesis have enabled the 

synthesis of oligonucleotides with single nucleotide precision, and have been harnessed 

for DNA biotechnology and gene assemblies.47, 48 This technology has been widely 

commercialized and provides rapid and inexpensive access to customized, short 

oligonucleotides (less than 100 nt) at high yield. However, despite extensive advances in 

instrumentation to miniaturize the system and to reduce cost, the chemistry still relies 

on the step-by-step addition of phosphoramidite nucleotides to grow specific 

oligonucleotide sequences in the 3’-to-5’ direction. Although the coupling efficiency for 

each nucleotide exceeds 99%, the cumulative errors in the coupling reactions result in an 

extremely low yield for long oligonucleotides (greater than 100 nt). For example, the 

maximum yield of a 250-mer, assembled with 99.5% coupling efficiency, is estimated as 

(.995)249, which equals 28.7% of the full-length product. This low yield for long 

oligonucleotide products, inherent to solid-phase chemistry, limits its application to the 

sequence specific synthesis of high MW ssDNA.49 Several comprehensive reviews on 

solid phase oligonucleotide synthesis can be found in the references.50, 51 
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1.2.3.3 (Bio)chemically functionalized DNA-based materials 

To create (bio)chemical functionality, chemical or enzymatic reactions, or a 

combination of these two, has been used to introduce functional moieties into the DNA-

based materials.44 We will briefly discuss two pertinent approaches that are used to 

functionalize DNA materials: (i) modifications on nucleotides that can be used for 

enzymatic DNA synthesis, and (ii) site modifications on oligonucleotides that can be 

used for conjugation with functionalized segments (e.g., synthetic polymer).  

(i) Rapid progress in the chemical synthesis of DNA has enabled site-specific 

modifications on dNTP, including modifications of the nucleobases, and of the 

phosphate and deoxyribose backbone (Scheme 1-4 (a)). These modified dNTPs 

(unnatural dNTP) along with nucleic acid modifying enzymes, offer a straightforward 

way to incorporate functional moieties along a DNA chain, which further expands the 

properties of DNA-based materials.52-54 For example, the replacement of either the 5’ 

bridging oxygen (Scheme 1-4 (b)) or the non-bridging (Scheme 1-4 (c)) oxygen with a 

sulfur in the DNA phosphate enhances the stability against nuclease degradation, and 

does not inhibit DNA polymerase activity.55 Another example is the incorporation of 

fluorescently labeled dNTP (e.g., fluorescent dNTP is one of the most widely used 

unnatural nucleotides), which has rapidly accelerated the progress of DNA sequencing 

technology, particularly in the next-generation DNA sequencing technology (i.e., 

sequencing-by-synthesis). The modification with a fluorescently-labeled, reversible 
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terminator allows the addition of only one nucleotide onto a growing chain at a time by 

polymerase.56, 57 Once a fluorescent image is acquired to reveal the base information, the 

terminator/fluorophore is cleaved, and another fluorescent dNTP with reversible 

terminator comes in for the next nucleotide incorporation. 

Given the access to a wide range of unnatural dNTP with different 

functionalities, the incorporation of (bio)chemical functionalities into DNA chains by 

enzymatic polymerization of unnatural dNTPs is great of interest to us. In Chapter 3, we 

will present TcEP’s ability to incorporate several unnatural dNTPs with nucleobase 

modifications including BODIPY-, fluoro-, and fluorescein- groups. 

 

Scheme 1-4: (a) Chemical structure of dTTP and possible modifications at 

different sites. A sulfur atom replaces either the 5’ bridging oxygen (b) or the non-

bridging oxygen in the phosphate linkage. Most of these unnatural dNTPs have been 

commercialized. 

(ii) Advances in bio-conjugate chemistry have enabled site modifications of 

oligonucleotides to introduce (bio)chemical functionalities into DNA-based materials. 

Among these bio-conjugation reactions, solid phase synthesis can accomplish both 

oligonucleotide synthesis and post modification reactions, which circumvents the 
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solubility issues associated with non-nucleic acid polymers. This thus allows for the 

synthesis of DNA-based materials containing hydrophobic building blocks.58 For 

example, poly(propylene oxide) (PPO) with a terminal phosphoramidite group has been 

attached to an oligonucleotide that was tethered to a solid support, to generate an 

amphiphilic DNA-polymer hybrid material.59, 60  

Covalent coupling strategies (e.g., through primary amines) in solution offer an 

alternative to solid phase synthesis method for linking oligonucleotides with synthetic 

polymers. Using this approach, poly(ethylene glycol) (PEG), polystyrene (PS), poly(D,L-

lactic-co-glycolic acid) (PLGA), and poly(N-isopropylacrylamide) (PNIPAM) have been 

coupled with amine modified oligonucleotides.44, 61-63 However, to successfully conjugate 

a functional unit (e.g., hydrophobic polymers to generate an amphiphile), suitable 

chemical modifications are required on both polymers and oligonucleotides. This likely 

involves complex chemical reactions and introduces further limitations that arise from 

the poor solubility of hydrophobic polymers. A tutorial review for the synthesis of bio-

conjugated oligonucleotides with synthetic hydrophobic segment can be found in the 

reference.3 

Although the advances in DNA synthesis and DNA functionalization have made 

tremendous progress, challenges associated with length limitation, multiple reaction 

steps and extensive purifications still exist. To circumvent these challenges, we 

developed an approach that harnesses TdT to directly synthesize high MW 
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polynucleotides in solution, and in which TdT sequentially adds dNTPs to an 

oligonucleotide initiator in a template independent manner. Although we can control 

the sequence of incorporated nucleotides only statistically, the use of oligonucleotide 

initiator with a specific nucleotide sequence allows for the incorporation of biochemical 

functionality at the 5’-end. The initiator’s sequence can function as an aptamer or as a 

hybridization target for molecular recognition driven assembly. Moreover, the direct 

incorporation of hydrophobic unnatural nucleotides at the 3’-terminus during the 

enzymatic polymerization obviates the need for potential chemical modifications and 

post-conjugating reactions.  

1.2.4 Self-assembly of DNA-based materials 

Self-assembly of amphiphilic diblock copolymers have been comprehensively 

studied in polymer science due to their promising applications for drug delivery,64, 65 

diagnostic imaging,66 and nanoreactors.67 These assembled aggregates are an outcome of 

the balance between attractive and repulsive forces among these diblock copolymers 

that are pertinent to non-covalent interactions such as hydrophobic, electrostatic, and 

van der Waals interactions.68 Thus, the morphologies of these assembled aggregates can 

be controlled by tuning these interactions that are determined by the chemical identity 

and relative length of the amphiphilic diblock copolymers as well as the solvent 

conditions. The changes in relative length, for example, can result in a transition from 

spherical micelles to vesicles as a response to the increased fraction of the hydrophobic 
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block. This transition has been predicted by theory69 and confirmed by experimental 

measurements.60, 70 Comprehensive reviews exist in the synthesis and self-assembly 

behavior of amphiphilic block copolymers.70-72 We will introduce the unique properties 

of DNA amphiphiles next, and will discuss the self-assemble behaviors of 

polyelectrolyte diblock copolymer in Chapter 4. 

1.2.4.1 Self-assembly of DNA amphiphiles 

The enzymatic and chemical synthesis of DNA-based materials has greatly 

advanced the development of DNA amphiphiles which hold a large potential for the 

emerging field of targeted drug delivery.73 The amphiphilic property usually derives 

from the charged, hydrophilic DNA backbone, and from the chemical attachment of a 

hydrophobic segment. In aqueous media, these hydrophobic segments (e.g., synthetic 

polymers) tend to aggregate or assemble into the micellar core, and the solvated DNA 

chains (i.e., oligonucleotides in most cases) become the surrounding corona. For 

example, conventional hydrophobic polymers, including PPO, PS, and PLGA, all have 

been used to generate the hydrophobic block of DNA amphiphiles, which drives self-

assembly in aqueous solution. Short oligonucleotides, terminated with lipids, have also 

been used to form spherical, lamellar vesicles composed of a DNA-lipid bilayer.74 These 

nanostructured morphologies, ranging from vesicles75 to spherical or cylindrical 

micelles,76 can be tuned not only by the relative block lengths of DNA amphiphiles, but 

also by DNA hybridization reactions or DNA-modifying enzymes, which sets DNA 
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amphiphiles apart from conventional polymers. For example, the addition of long DNA 

templates (with a specific sequence) to the corona of ssDNA-b-PPO copolymer 

transformed these spherical micelles into rod-shaped, cylindrical micelles consisting of 

two parallel aligned double helices.60 This process is induced by the hydrophobic 

interaction among the PPO moieties and the parallel alignment between the 

complementary, long DNA template and the ssDNA corona. Another example uses TdT 

adding dNTPs to the termini of DNA chains in the corona of the micelles comprised of 

ssDNA-b-PPO copolymers, which resulted in a direct growth of spherical micelles 

ranging in size from 5 to 11 nm.77 

1.2.4.2 Applications of DNA amphiphiles in drug delivery  

Self-assembled nanostructures of amphiphilic copolymers have been studied 

extensively as carriers for the delivery of hydrophobic anticancer drugs as well as 

nucleic acids.78, 79 Compared with the efficacy of low MW drugs, these nanostructures 

often improve the efficacy of chemotherapeutics due to their capacity to stabilize 

hydrophobic anticancer drugs and enhance passive accumulation in tumor tissue.80 

Additionally, the self-assembled nanostructures, e.g., micelles, can be encoded with 

various ligands to allow specific targeting and specific intracellular accumulation, which 

is difficult to achieve by low MW anticancer drugs alone. 

Among these self-assembled nanostructures, DNA-based delivery vehicles have 

several advantages over conventional synthetic polymers. First, the oligonucleotide can 
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function directly as a targeting moiety on the surface of DNA micelles, which increases 

the binding efficiency to targeted cells significantly compared to a single DNA chain,81 

while the hydrophobic core aids micelle assembly and carries drugs.73 This targeting 

function, necessary for tumor-specific recognition, can be realized by using a sequence-

designed aptamer that can bind to overexpressed cell surface biomarkers.82  

Second, a specific targeting function can be alternatively realized by the 

hybridization with a complementary oligonucleotide that is modified with the targeting 

unit. For example, a DNA-b-PPO hybrid drug delivery vehicle was developed, in which 

doxorubicin, a hydrophobic anticancer drug, was loaded into the core of the DNA-b-

PPO micelles, and folic acid targeting units were attached at the distal ends of the 

oligonucleotide corona by base-pairing hybridization.83 The encapsulation of 

doxorubicin in the micellar core and targeting through the folic acid ligands resulted in 

low cytotoxicity and efficient, targeted delivery toward the cancerous cells. 

Third, instead of encapsulating drug into the core, oligonucleotides with specific 

nucleotide sequences can function as a “drug” for gene regulation, for example antisense 

DNA. Yet, the negatively charged DNA (corona) may encumber the transportation of a 

DNA micelle across the negatively charged cell membrane. To overcome this challenge, 

synthetic polymers, such as PEG,84 have been incorporated to facilitate the 

transportation of negatively charged DNA. Recently, a new class of nucleic acids 

(including oligonucleotide and siRNA) modified hybrid nanoparticles, called spherical 
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nucleic acid (SNA)85, 86 were developed and found to exhibit high cellular entry ability in 

the absence of transfection agents.87 In SNAs, the densely packed, oriented 

oligonucleotides are immobilized onto a nanoparticle (e.g., gold nanoparticle). Although 

strictly speaking, this type of hybrid nanostructure is not an organic amphiphile, the 

dissolution of the gold nanoparticle core generates an organic hollow SNA (i.e., a DNA 

shell)88 that displays a similar structure as a DNA amphiphile. This organic, hollow SNA 

is capable of entering over 50 cell types,89 which is in part attributed to the presence of 

membrane-bound scavenging receptors.86 Surprisingly, due to the high local salt 

concentration present in the oligonucleotide corona, these SNA nanostructures also 

display exceptional resistance to nuclease degradation, which leads to a longer, 

intracellular lifetime.90, 91 Building on these unique properties, this new type of DNA-

based nanostructurse has shown great potential ranging from therapeutic and gene 

regulation,90, 92 to in vitro biodetection schemes,93 to intracellular diagnostic and 

imaging.94, 95 

In contrast to these DNA-synthetic polymer/inorganic hybrid materials, the 

unique property of TcEP enables us to synthesize and functionalize our polynucleotides 

without the need for synthetic polymers or inorganic cores. That is we utilize TcEP to 

directly incorporate hydrophobic unnatural dNTPs to generate DNA amphiphiles, 

which show rich micellization behavior in solution and could potentially be applied in 

targeted drug delivery system, as demonstrated by the above examples. 
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1.3 Significance and specific research aims 

1.3.1 Specific Aim 1: study the kinetics of TdT catalyzed enzymatic 
polymerization reactions 

Previous studies have investigated the kinetics and mechanisms of TdT 

catalyzed enzymatic reactions.30 Using Michaelis-Menten model, several studies32, 37, 96 

have determined the maximum reaction rate (Vmax) and Michaelis-Menten constant (KM) 

values for different types of substrates. The KM  values, representing the binding affinity 

between TdT and substrate, are on the order of ~100 µM for dNTPs (monomers) and 

~0.1 µM for oligonucleotides (initiators). However, the study of progress kinetics of 

TcEP reactions, particularly focusing on the characterizations of reaction products, is still 

missing. To advance our knowledge on integration of different types of initiators and 

incorporation of a variety of unnatural dNTPs into polynucleotide chains, we seek to 

understand the details of the reaction mechanism from a progress kinetics view point. In 

Specific Aim 1 (Chapter 2), we use 1H NMR and fluorescent gel electrophoresis to 

monitor the monomer conversion and the average DP of reaction products, respectively. 

This enables us to manipulate the reaction time and the starting concentrations of dNTP 

(monomer), oligonucleotide (initiator) and TdT (enzyme), individually, to control the 

average degree of polymerization of the reaction products. 
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1.3.2 Specific Aim 2: expand TcEP to functionalized polynucleotide 
synthesis 

In general, TdT is widely used in TUNEL assay (see Section 1.2.2) to detect DNA 

fragments by catalyzing the addition of unnatural dNTPs onto an exposed 3’-hydroxyl 

group.38 Yet, the exploration in using TdT to synthesize DNA based materials using 

sequence encoded initiators and unnatural dNTPs is still lacking. In Specific Aim 2 

(Chapter 3), we utilize TdT’s binding ability to sequence encoded DNAs to initiate the 

polymerization and further explore TdT’s ability to accommodate a wide range of 

unnatural dNTPs for the incorporation of chemically functionalized dNTPs. 

1.3.3 Specific Aim 3: apply TcEP to synthesize diblock 
polynucleotides and study their self-assemblies  

Synthesis of traditional DNA amphiphiles (Section 1.2.3) requires (i) chemical 

modifications on both oligonucleotides and synthetic polymers, (ii) potentially complex 

conjugation reactions, and (iii) extensive purification steps, and is limited by potential 

incompatibility between hydrophobic polymers and the hydrophilic DNA chains. 

Directly incorporating hydrophobic unnatural dNTPs via TcEP circumvents complicated 

chemical reactions and the insolubility issues arising from hydrophobic synthetic 

polymers. Built on the studies performed in Specific Aims 1 and 2, Specific Aim 3 

(Chapter 4) explores a two-step synthesis method to generate amphiphilic, diblock 

polynucleotides using TcEP. We do not only develop the synthesis method for 

amphiphilic diblock polynucleotides, but also manipulate the length of hydrophilic 
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block to tune the self-assembly behaviors of these DNA amphiphiles. Furthermore, the 

polyelectrolyte property originating from the polynucleotide phosphate backbones 

allows us to study their self-assembly from a polyelectrolyte point-of-view. This in turn 

allows us to apply scaling law theory as well as dissipative particle dynamics (DPD) 

simulations developed for polyelectrolyte diblock copolymers, to predict the assembled 

micellar morphologies. 

Overall, this dissertation is motivated by the need for a facile synthesis method 

that can generate polynucleotides with high MW, narrow polydispersity, well defined 

structure, and broad (bio)chemical functionality. The advances, along with DNA-specific 

properties, such as the exclusive molecular recognition capabilities, novel 

biocompatibility, and the ability to be manipulated by DNA-modifying enzymes, endow 

our polynucleotide materials with great potential for biomedical applications.



 

24 

2. The kinetics of TdT catalyzed enzymatic 
polymerization reactions 

Terminal deoxynucleotidyl transferase (TdT), a promiscuous, template-

independent polymerase, is an enabling molecular biology tool for the synthesis of high 

molecular weight (MW) polynucleotides. Unlike most polymerases that require a DNA 

template as a guide to incorporate deoxynucleotide triphosphates (dNTPs) into a 

growing primer, TdT polymerizes dNTPs from an oligodeoxyribonucleotide 

(oligonucleotide) in the absence of a DNA template, in which TdT adds one dNTP to the 

3’-hydroxyl terminus of an oligonucleotide in a stepwise fashion. Due to this inherent 

template-independent mechanism, TdT lacks the precision to control polynucleotide 

synthesis on the nucleotide level. To generate desired homo- and block co-

polynucleotides by using TdT, it becomes necessary to understand the reaction 

mechanism and the reaction kinetics. This chapter focuses on developing appropriate 

reaction kinetics models to describe the progress of TdT catalyzed enzymatic 

polymerization (TcEP) from a polymerization point-of-view, which ultimately helps us 

to manipulate the TcEP reaction. We first briefly review enzyme kinetics and also the 

kinetics of “living” polymerization reactions; we then derive three possible kinetics 

models for TcEP based on either Michaelis-Menten kinetics or “living” polymerization 

kinetics. Furthermore, we provide experimental evidence to support the choice of these 

reaction kinetics models, by monitoring reaction progress through monomer conversion 
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analysis with 1H NMR and molecular weight analysis by fluorescent gel electrophoresis. 

We use the term “polynucleotide” instead of “ssDNA” throughout this dissertation to 

underscore the polymeric identity of TcEP synthesized DNA molecules.  

2.1 Brief review of enzyme kinetics 

Enzyme kinetics studies have been used for decades to provide a mechanistic 

description and often a quantitative measure for the rates of enzymatic reactions. The 

dependence of enzyme catalyzed reactions on the concentration of the reagents (e.g., 

substrates, enzymes and inhibitors) as well as the reaction conditions (e.g., temperature, 

buffer condition, and cofactors) is important to biochemists, as it provides a practical 

way to manipulate enzyme catalyzed reactions. One of the best known models in 

enzyme kinetics is the Michaelis-Menten equation which defines a relationship between 

reaction rate and substrate concentration, and offers a straightforward way to estimate 

the maximum reaction rate (Vmax) and Michaelis constant KM. The KM provides a measure 

for the affinity of the enzyme towards its substrate. A lower value of KM denotes a higher 

affinity between the enzyme and substrate, implying that a reaction approaches the 

maximum rate at a lower substrate concentration.97 To obtain Vmax and KM, the initial 

reaction velocities are measured for a range of substrate concentrations. Assuming 

quasi-steady-state reaction conditions, the Michaelis-Menten equation 𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑀+[𝑆]
 (v is 

the initial velocity of the reaction) is derived as shown in Scheme 2-1 (b). The 

determinations of Vmax and KM enable explanation of different types of substrates, 
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inhibitors, and cofactors, towards one particular enzyme, or define enzyme specificity, 

efficiency and proficiency towards one particular substrate. Today, thanks to the 

development of advanced experimental techniques and computational analysis tools, 

the time-course based kinetics analysis that continuously monitors the progress of a 

reaction, has become a more accurate method to extract kinetic parameters, compared to 

the graphically based KM analysis.98 Based on the Michaelis-Menten model, a closed form 

solution based on the Lambert W function (Scheme 2-1 (c)), is often used to describe the 

reaction progress kinetics analysis.99 This Lambert W function based kinetics analysis 

will be used in Section 2.3.1. 

 

Scheme 2-1: (a) A simple one-substrate enzyme-catalyzed reaction. (b) 

Illustrative plot of Michaelis-Menten equation showing that the reaction rate is a 

function of the substrate concentration. (c) Illustrative plot showing the reaction 

progress over time (i.e., the product concentration [P]t is a function of the reaction 

time) and the use of the Lambert W function to describe the kinetic analysis. 

The reaction kinetics of DNA polymerases have been described widely in terms 

of the Michaelis-Menten mechanism to study the binding affinity between polymerase 
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and primer, and to identify the reaction rate for different types of dNTPs. For the 

template-dependent polymerases, the difference in binding affinity towards different 

dNTPs determines the correct incorporation of dNTP.100 For the template-independent 

TdT, the KM and Vmax values for different types of oligonucleotides and dNTPs have been 

studied already in the 1980s.32, 96 However due to TdT’s template-independent nature, 

the study of the effect of dNTP identity on the reaction kinetics was focused on the 

measurement of initial reaction rates. An investigation on the reaction progress with the 

objective to synthesize high molecular weight (MW) polynucleotides is still missing to 

date. We study here the reaction kinetics by monitoring the reaction progress via in situ 

1H NMR and fluorescent gel electrophoresis, which together provide a quantitative 

measure not only for the reaction rates, but also for the reaction products. In Section 

2.3.1, we describe a time-course based Michaelis-Menten model that fills the gap 

between the traditional enzyme kinetics and the progress kinetics analysis and allows us 

to estimate the Vmax and dissociation rate of TdT catalyzed polymerizations. This kinetics 

analysis provides us with the necessary knowledge to manipulate TcEP reactions, and 

thus enables us to synthesize the reaction products with desired properties (i.e., high 

MW polynucleotides with narrow MW dispersity).  

2.2 Overview of “living” chain-growth polycondensation kinetics  

A polynucleotide can be considered as a polymer composed of repeated units of 

nucleotides. This polymeric nature and the fact that the polymerization reaction entails 
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the liberation of a reaction byproduct (i.e., pyrophosphate) inspire us to envision the TdT 

catalyzed enzymatic polymerization (TcEP) as a chain-growth polycondensation 

reaction, which involves (i) the activation of the polymer end, and (ii) the propagation 

reaction. Meanwhile, when chain termination and transfer reactions are absent, this 

generic polymerization mechanism is considered to be a “living” polymerization, which 

often yields polymers with narrow molecular weight distributions. In polymer science, a 

“living” chain-growth polycondensation reaction model was developed under the 

premise that (i) the polymer end groups selectively react with monomer through a 

condensation reaction, and (ii) the polymer end groups do not undergo termination.101 

For synthetic polymers, this situation is realized by the substituent effect, which requires 

that the monomer present be less reactive before incorporation into the growing chains, 

i.e., the self-condensation between monomers is prohibited during the polymerization 

reaction. (Scheme 2-2 (a))  When comparing TcEP to a “living” chain-growth 

polycondensation reaction, we notice that the reaction product (i.e., polynucleotide) 

serves also as an initiator for the forward reaction, which suggests that the total 

concentration of initiator remains constant throughout the reaction. This also entails an 

approximately constant concentration of active chains throughout the polymerization 

(no termination), which allows us to treat TcEP as a “living” chain-growth 

polycondensation reaction. Specifically, TcEP involves two steps: the first step is the 

formation of an initiator/enzyme complex ((dN)n·TdT) to generate an active center; and 
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the second step is the condensation reaction between the 3’-OH of initiator and the α-

phosphate of dNTP, incorporating one nucleotide addition on the initiator and releasing 

a byproduct pyrophosphate (PPi).  

 

Scheme 2-2: (a) Reaction mechanism of “living” chain-growth 

polycondensation. The initiator is activated by the substituent effect which changes 

between monomer and polymer, and results in a more reactive polymer end group. 

The scheme is adopted and reproduced from reference.101 (b) Reaction mechanism of 

TcEP. The oligonucleotide (dN)n denotes an initiator with the length of an n-mer. The 

initiator reversibly binds to TdT and forms a (dN)n·TdT complex. The chain 

propagation enables the formation of a new phosphodiester bond between the 3’-OH 

of initiator and the α-phosphate of dNTP. 

In Section 2.3.2, we draw on well-established reaction kinetics models for 

“living” polymerization reactions and further modify it with an enzyme mediated 

characteristic, to describe TcEP reaction kinetics. This new kinetics model along with the 

experimental measurements provides new insights into the roles of oligonucleotides, 

dNTP, and TdT concentrations, and also into controlling the molecular weight of 

reaction products.  
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2.3 Reaction kinetics models for TdT catalyzed enzymatic 
polymerization 

To derive a viable reaction kinetics model, we made several assumptions. (i) All 

active chains are established instantaneously when TdT binds to the initiator, and thus 

the equilibrium condition is time-independent. (ii) The dissociation constant (Kd = k-1/k1) 

for the formation of the (dN)n·TdT complex remains relatively constant throughout the 

entire reaction, which means the binding event between TdT and initiator is 

independent of the length of the initiator. This assumption builds on early TdT kinetics 

studies and crystal structure analysis. These kinetics studies showed that the Km (binding 

affinity) remains approximately constant for initiator lengths ranging from 10 to 50 

nucleotide (nt).96 The crystal structural analysis of the (dN)n·TdT complex revealed that 

only four nucleotides from the 3’-end of an initiator contact TdT, which suggests an 

approximately constant interaction between TdT and varied lengths of initiators.102 (iii) 

The reactivity of the propagating chain end is independent of the chain length in a dilute 

reaction mixture, that is the propagation rate (kp) remains relatively constant. (iv) 

Although TdT possesses 3’-5’ exonuclease activity,103 the polymerase activity vastly 

dominates the reaction in the presence of excess dNTPs. We thus assume that the 

polymerization reaction is irreversible, and no polymer degradation equilibrium needs 

to be considered. 

All assumptions made apply equally to both the Michaelis-Menten model and 

the “living” polymerization model. Scheme 2-3 shows two equivalent statements of the 
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TcEP reaction, one in the language of enzyme kinetics, and the other in the language of 

“living” polymerization. 

 

Scheme 2-3: The TcEP kinetics mechanism in the language of enzyme kinetics 

(i) and in the language of “living” polymerization kinetics (ii). 

2.3.1 Michaelis-Menten model (Model I) for TcEP 

Different from other multi-substrate enzymatic reactions, TcEP proceeds with the 

consumption of only dNTP, although two substrates (oligonucleotide and dNTP) are 

involved in the reaction. This unique feature enables us to develop a pseudo-one-

substrate Michaelis-Menten model to elucidate the enzyme kinetics, in which dNTP is 

the only substrate in the enzymatic reaction.  

In early enzyme kinetics studies of TdT, biochemists have used graphical-based 

data analysis techniques, such as the Lineweaver-Burk plot, to establish the relationship 

between substrate concentration and reaction rate.104 Although graphical methods offer a 

straightforward way to estimate the KM and Vmax, they are inherently somewhat 

inaccurate due to the linear transformation of a nonlinear equation.105 Here we solved 
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the Michaelis-Menten equation through the Lambert W function approach, taking into 

account data from the whole TcEP reaction progress. To derive a time course reaction 

progress model, we define the overall rate (R(t)) of TcEP as the decrease in monomer 

concentration as a function of time (Equation 2-1). For convenience, we define [I], [M], 

[E], [EI], and [EIM] to represent the concentrations of initiator, monomer, enzyme, 

enzyme·initiator complex, and enzyme·initiator·monomer ternary complex, respectively. 

𝑅(𝑡) =
𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝[𝐸𝐼𝑀]. (2-1) 

The equilibrium assumption implies: 

𝐾2 =
𝑘2

𝑘−2
=

[𝐸𝐼𝑀]

[𝐸𝐼][𝑀]
 . (2-2) 

Taking into account the pseudo-one-substrate Michaelis-Menten model (i.e., 

monomer is the only substrate and enzyme·initiator complex becomes the activate 

“enzyme”), we assume the existence of an initial concentration of [EI]0, that is 

[𝐸𝐼]0 = [𝐸]0 − [𝐸] = [𝐸𝐼] + [𝐸𝐼𝑀] . (2-3) 

Combing equations (2-2) and (2-3) results in: 

𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝[𝐸𝐼𝑀] = −

𝑘𝑝[𝐸𝐼]0[𝑀]

𝑘−2
𝑘2

+[𝑀]
= −

𝑉𝑚𝑎𝑥[𝑀]

𝐾𝑑+[𝑀]
 , (2-4) 

in which Vmax = kp[EI]0, and Kd = k-2/k2. 

The analytic solution for equation (2-4) is: 

[𝑀]𝑡 = 𝐾𝑑𝒲(
[𝑀]0

𝐾𝑑
exp (

[𝑀]0−𝑉𝑚𝑎𝑥𝑡

𝐾𝑑
)) , (2-5) 
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in which W is the Lambert W function. Equation (2-4) has the same format as the 

classic Michaelis-Menten equation, yet the definition of Vmax is slightly modified, in that 

Vmax equals to kp[EI]0. We refer to equation (2-5) as Model I. 

2.3.2 Validation of Model I by in situ 1H NMR measurements 

To study the TcEP mechanism experimentally, we selected Cy5-dT10 and dTTP 

as our model initiator and monomer for the following reasons: (i) during the 

polymerization reaction the homo-poly(dT) doesn’t form secondary structures that 

could impede the polymerization (see Chapter 3); and ii) a range of unnatural 

nucleotides (i.e., dTTP analogues) is available for our further studies. For example, 5-

Fluoro-dUTP, is modified at the C-5 position of the uridine base, and thus has a chemical 

structure that is similar to that of dTTP. We will elaborate on the incorporation of 

unnatural nucleotides via TcEP in Chapter 3. 

To validate our kinetics model, we measured the progress of TcEP by in situ 1H 

NMR spectroscopy (Figure 2-1(a)). Monitoring the changes in chemical shift (H6 and 

H1’, labeled in Figure 2-1(a)) enables a simultaneous quantification of both dTTP and 

poly(dT) present in the reaction mixture. As the polymerization proceeds, the chemical 

shifts of H6 and H1’ change as a result of the consumption of dTTP and the formation of 

poly(dT). That is the resonances of H1’ and H6 on the dTTP (6.43 and 7.88 ppm) 

decrease, those of on poly(dT) (6.35 and 7.76 ppm) increase over time. To avoid potential 

complications from the residual solvent peak, we used the integral of peak H6 to 
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determine the monomer conversion. After obtaining the in situ relative monomer 

concentration ([M]t), we used equation (2-5) to fit our experimental data and to estimate 

Vmax and Kd from the model. 

 

Figure 2-1: In situ 1H NMR spectroscopy of TcEP by monitoring monomer 

conversion. (a) Representative 1H NMR spectra with a window from 5.8 to 8.5 ppm at 

different polymerization times, showing two distinct proton peaks (H1’ and H6) that 

are well suited to detect the polymerization progress. (b) Monomer (dTTP) conversion 

is calculated from the change of proton peak H6. The relative concentration (%) of 

dTTP is plotted as a function of reaction time and fitted with Model I. (c) The residual 

plot results from fitting Model I to the data. 

The estimated values of Vmax = kp([E]0-[E]) and Kd = k-2/k2 from Model I are 0.146 ± 

0.036 unit/min and 28.27 ± 7.24 unit, correspondingly. Although Model I fits the 
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experimental data well and captures the majority trend of the data (R2 > 0.99), a distinct 

parabolic deviation is observed in the residual plot (Figure 2-1 (c)). This residual pattern 

motived us to develop an alternative model to better describe the progress of TcEP. 

2.3.3 “Living” polymerization reaction kinetics for TcEP 

Like in the derivation of the Michaelis-Menten equation, we define the reaction 

rate (R(t)) for Model II as the decrease in monomer concentration as a function of time. 

To simplify and distinguish the equation from Model I, we use [P’], [M], [E], [P*], and 

[P*M] to represent the concentrations of dormant chain, monomer, enzyme, active 

complex, and active·monomer complex, respectively. 

𝑅(𝑡) =
𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝[𝑃

∗𝑀] . (2-1’) 

The equilibrium assumption implies: 

𝐾1 =
𝑘1

𝑘−1
=

[𝑃∗]

[𝐸][𝑃′]
 , (2-6) 

𝐾2 =
𝑘2

𝑘−2
=

[𝑃∗𝑀]

[𝑃∗][𝑀]
 , (2-7) 

and yields, 

𝑅(𝑡) =
𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝[𝑃

∗𝑀] = −𝑘𝑝𝐾1𝐾2[𝐸][𝑃
′][𝑀] , (2-8) 

in which K1 and K2 are the binding constants for initiator and monomer. We 

define kpK1K2[E][P’] as an apparent propagating rate kapp. By integrating equation (2-8), 

equation (2-9) is obtained, 

[𝑀]𝑡 = [𝑀]0exp(−𝑘𝑎𝑝𝑝𝑡)  (2-9) 
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in which [M]0 and [M]t represent the initial monomer concentration and 

monomer concentration at time t, respectively. We refer to equation (2-9) as Model II. 

We fitted the monomer conversion data acquired by 1H NMR with equation (2-9), and 

obtained a fit value of kapp as 4.91e-3 ± 0.114e-3 min-1. The estimated values for relevant 

constants in Models I and II are summarized in Table 2-1. As listed in Table 2-1, Vmax/Kd 

represents the value of kp([E]0-[E])[EIM]/[EI][M], while kapp represents the value of  

kp[EIM]/[M]. By dividing Vmax/Kd by kapp, we obtained a value for ([EI]+[EIM])/[EI] as 1.05, 

which implies ~5% of the active centers are binding with monomer to form a ternary 

complex in the reaction system. 

Table 2-1: The parameter values for Model I and Model II. 

Model I Model II 

parameter value parameter value 

*Vmax=kp([E]0-[E]) 0.146 unit/min **kapp=kpK1K2[E][P’] 4.91e-3 min-1 

*Kd=[EI][M]/[EIM] 28.27 unit ***kapp=kp[EIM]/[M] 4.91e-3 min-1 

Vmax/Kd 5.16e-3 min-1 (Vmax/Kd)/kapp  = ([EI]+[EIM])/[EI] 1.05 

* Equation (2-2) and (2-4) are used. **Equation (2-8), ***Equation (2-6), and (2-7) are used.  

 

Similar to Model I, the residual pattern of Model II was also parabolic (Figure 2-

2(a)). Therefore we further revised this simple exponential model (Model II) to better 

account for the TdT’s enzyme properties. We now consider the possibility that TdT’s 

polymerase activity decays as the reaction proceeds. As a first possibility, we considered 

that the dominating deactivation of TdT polymerase activity is a function of reaction 
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time. However, our experiments showed that TdT polymerase activity does not 

significantly change within one hour. Briefly, we incubated TdT in the absence of 

monomer and initiator for one hour, and then conducted an enzyme kinetics assay 

(same reaction condition as 1H NMR). We didn’t observe a significant difference in the 

polymerase activity compared with fresh TdT. Next, we considered that the dominating 

deactivation of TdT is associated with incorporation of monomer into the growing 

polynucleotide chains, or is due to the accumulation of inhibitors arising from the 

reaction byproduct PPi, whose amount equals that of converted monomer.96 We thus 

assume that the decrease in polymerase activity is proportional to the amount of 

converted monomer. Due to the computational complications arising from solving the 

Lambert W function, we revised Model II instead of Model I, to take into account 

enzyme deactivation. We define the concentration of free TdT in the reaction mixture at 

time t as [E’]: 

[𝐸′] = [𝐸]0 − [𝑃∗] − [𝑃∗M] − 𝛽𝛥[𝑀] , (2-10) 

where Δ[M] is the concentration of consumed monomer, and β is a 

dimensionless constant. As before, [P*] and [P*M] represent the concentrations of [EI] 

and [EIM] active complexes, respectively. Taking into account that the fraction of active 

ternary complex (i.e., [P*M]) is low, and the relative change of active center (i.e., [P*]) 

over time is small, we simplify equation 2-10 as: 

[𝐸]′ = [𝐸]0 − 𝛼𝛥[𝑀] , (2-10’) 
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in which 

𝛼𝛥[𝑀] = [𝑃∗] + [𝑃∗M] + 𝛽𝛥[𝑀] . (2-11) 

Then, Equation (2-8) can be rewritten as, 

𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝𝐾1𝐾2[𝑃

′][𝑀]([𝐸]0 − 𝛼𝛥[𝑀]) .  (2-8’) 

And after integration we obtained, 

[𝑀]𝑡 =
[𝑀]0(1−𝛼

[𝑀]0
[𝐸]0

)

exp(𝑘𝑎𝑝𝑝
′ (1−𝛼

[𝑀]0
[𝐸]0

)𝑡)−𝛼
[𝑀]0
[𝐸]0

   , 
(2-12) 

in which kapp’ = kpK1K2[E]0[P’]. A more detailed derivation can be found in 

Appendix C. We refer to equation (2-12) as Model III. 

2.3.4 Validation of Model III by in situ 1H NMR measurement 

We fitted the measured monomer concentration as a function of reaction time 

with Model III (equation (2-12)) to again estimate two parameters (kapp’ and α[M]0/[E]0). 

The experimental data points and Model III fit are presented in Figure 2-2(b) with their 

associated residual plots. Model III fits the data well, with small and randomly scattered 

residuals. The values for kapp’ and α[M]0/[E]0 are 6.117e-3 ± 0.109e-3 min-1 and 1.006 ± 

0.067, respectively. Compared with the fit values obtained by Model II, we noticed a 

slight increase in the estimated kapp’ value. This greater kapp’ is attributed to the 

modification of the meaning of [E]. Herein, kapp’ represents kpK1K2[E]0[P’] in contrast to the 

kpK1K2[E][P’] in Model II, and [E]0 is the total enzyme concentration that should always 

be higher than the resting state [E] in reaction system. 
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Figure 2-2: Fits of Model II (a) and Model III (b) to TcEP reaction progress data. 

The relative monomer (dTTP) concentration (%) is calculated from the change in 

proton peak H6, and is plotted as a function of reaction time. The residual plots (c) 

and (d) arise from fitting Model II and Model III, respectively. 

2.4 TcEP kinetics determined by fluorescent gel electrophoresis 

Although in situ 1H NMR spectroscopy provides a robust way to establish data 

points to measure reaction progress by determining monomer conversion, there are 

several limitations, for example, the quantity of reagents required to detect signals, the 

potential complications caused by the solvent peaks, and the indirect way to determine 

MWs, that restrict the measurements to certain reaction conditions. Thus, we turned our 

attention to fluorescent gel electrophoresis as a practical technique to directly measure 

the MWs of our reaction products as a function of time. As before, we used Cy5-dT10 

and dTTP as our model initiator and monomer. The Cy5 tagged 5’-end of the growing 
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chain allows us to quantitatively analyze the MW distribution of reaction products 

directly via fluorescent gel electrophoresis. The MW distribution analysis is detailed in 

Appendix A. We used Models II and III to fit the data and to describe the progress of 

TcEP, and the results are discussed next. 

2.4.1 Effect of initial monomer concentration on the TcEP kinetics 

One advantage of a “living” polymerization reaction is the ability to predict and 

control the MWs of the resulting reaction products by adjusting the starting ratio of 

monomer to initiator concentration. First, we studied the effect of initial monomer 

concentration (while keeping the initiator and enzyme concentrations constant) on the 

average degree of polymerization (DP) of our synthesized polynucleotides. We used 

three different starting molar ratios of monomer to initiator (200, 500, and 1000), and 

determined the MWs of the reaction products at different reaction times by fluorescent 

gel electrophoresis. To obtain more accurate estimates of DP, we developed a Cy5 

labeled poly(dT)x standard for fluorescent gel electrophoresis (See Appendix A for 

details). Quantitative analysis of Cy5 fluorescence allows us to determine the number 

and weight average DPs. The reactions shown in Figure 2-3, were conducted while 

holding the initiator and enzyme concentrations constant (i.e., [I] = 0.2 μM and [E] = 1 

U/μl), while varying the initial monomer concentration ([M]0) from 40 μM to 200 μM. 

For all three different [M]0, the DP increases as a function of reaction time. When 

comparing the DP of the final products (t = 300 min), we find that an increase in the [M]0 
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concentration from 40 μM to 200 μM, which is equivalent to increasing the [M]0/[I]0 from 

200 to 1000, leads to a commensurate increase in the DP from 185 to 1120 nt. This 

observation is fully consistent with the expected reaction kinetics of a “living” 

polymerization, and confirms that manipulating the [M]0/[I]0, is an effective means to 

control the MW of the reaction products.  

 

Figure 2-3: Dependence of the DP on the initial monomer concentration. (a)-(c) 

Cy5 scan of 5% TBE-PAGE gel images with [M]0 equal to 40, 100, and 200 μM, 

corresponding to (a), (b), and (c). Reactions were terminated at different, 

predetermined time points ranging from 1 to 300 min by EDTA (200mM), and then 

the resulting products were separated by gel electrophoresis. Cy5-poly(dT)x standards 

are included for each gel and shown in lane L. (d) The reaction in lane 1 was 

terminated by EDTA (200 mM); and reaction in lane 2 was terminated by binding 

buffer. 
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Before applying our kinetics models to the experimental data at different reaction 

times, we need to consider that a time lag exists that arises from the necessary 

termination of the reaction. As shown in Figure 2-3 (d), a MW discrepancy was observed 

when the reaction was terminated either by 200 mM EDTA or a large quantity of 

binding buffer solution (Nucleic Acid purification kit, NEB Monarch®). The peak value 

of Cy5 intensity in lane 1 (EDTA method) is 142 nt, in contrast to that in lane 2 (binding 

buffer method) which is 119 nt. This 23 nt discrepancy likely arises from continued chain 

growth during the termination step. Although we are aware of the presence of a time lag 

when using EDTA termination, we continued to use this termination method for two 

reasons. First, extensive purification is required when using the binding buffer 

termination method. Second, the binding buffer significantly dilutes the reaction 

products, which impedes further characterizations and downstream applications. To 

account for this time lag in the description of the polymerization process in Models II 

Model III, we introduce an additional fit parameter, t0, to reflect the time lag required to 

terminate the reaction. We rewrite equations (2-9) and (2-12) as follows: 

[𝑀]𝑡 = [𝑀]0exp(−𝑘𝑎𝑝𝑝(𝑡 + 𝑡0)) , (2-13) 

and 

[𝑀]𝑡 =
[𝑀]0(1−𝛼

[𝑀]0
[𝐸]0

)

exp(𝑘𝑎𝑝𝑝
′ (1−𝛼

[𝑀]0
[𝐸]0

)(𝑡+𝑡0))−𝛼
[𝑀]0
[𝐸]0

 . 
(2-14) 

The number average DPs are calculated from the distribution of Cy5 intensity 

along the migrated distance, and plotted as a function of reaction time in Figure 2-4. 
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Equation 2-13 can be transformed into a function of DP by introducing the initiation 

efficiency (f). That is: 

𝐷𝑃 =
[𝑀]0

𝑓[𝐼]0
(1 − exp(−𝑘𝑎𝑝𝑝(𝑡 + 𝑡0))) . (2-15) 

However, a similar transformation for equation 2-14 would introduce 

computational instability into Model III. We thus calculated the relative monomer 

concentration (%) from the number average DP and the fraction of extended 

polynucleotide chains (fext),  

that is, 

[𝑀]𝑡

[𝑀]0
= 1 −

𝐷𝑃[𝐼]0𝑓𝑒𝑥𝑡

[𝑀]0
 . (2-16) 

The solid lines in Figure 2-4 (a-c) and (d-f) show the fit to the data by from Model 

II and Model III, respectively. All fitting curves follow the expected trend and indicate 

that both models describe the progress of the polymerization well. In contrast to the 1H 

NMR analysis, we do not find a systematic pattern in the residual plot, even for Model 

II. The reason could be: (i) although the starting [M]0/[I]0 = 500 is the same between 1H 

NMR and fluorescent gel electrophoresis, to acquire quantifiable signals from 1H NMR 

spectra the absolute concentrations of monomer and initiator are 60 times higher than 

those for the reactions shown in gel electrophoresis. To avoid the glycerol solvent peak 

arising from the TdT storage buffer, a lower concentration ratio (i.e., 0.32) of TdT over 

initiator is used for the 1H NMR experiments. Additional experimental details can be 

found in Section 2.6 Methods. Under these 1H NMR reaction conditions, the amount of 
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monomers converted to polynucleotides per enzyme is about 16 times more than that in 

the reactions for gel electrophoresis. This implies that deactivation of TdT in the 1H 

NMR measurements may be more pronounced in contrast to gel electrophoresis study. 

(ii) Fewer data points were obtained from the gel electrophoresis experiments which 

may hide the residual pattern.  

 

 

Figure 2-4: Average DP dependence on the initial monomer concentration. (a)-

(c) The simple exponential model (Model II) is applied to fit the average DPs. (d)-(f) 

Model III is applied to fit the relative monomer concentrations. The below figures 

show the residual plots. 
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The fitting parameters are summarized in Table 2-2. To distinguish the two fitted 

kapp, we denote kapp’ as the apparent rate for Model III. When we compare these two 

models, we need to consider that [E] in kapp has different physical meaning in these two 

models. In Model II, [E] represents the resting-state enzyme concentration throughout 

the reaction, however, in Model III, [E] represents the initial [E]0, which is higher than 

that of [E]. Thus, all the values of the kapp’ are higher than the values of kapp. For both 

models, the kapp = kpK1K2[E][P’] decreases as the [M]0 increase, indicating a decrease in the 

product of [E][P’]. We also noticed that the initiation efficiency for [M]0/[I]0 = 200 exceeds 

1, which is likely caused by incomplete conversion of monomer. The fitted initiation 

efficiency f overestimates the true initiation efficiency because it is derived under the 

assumption that all monomer is converted into polynucleotide chains. 

Table 2-2: Comparison between Model II and Model III. 

Model II Model III 

[M]0/[I]0 200 500 1000  200 500 1000 

kapp (min-1) 0.207 0.080 0.039 kapp‘(min-1) 0.420 0.167 0.071 

[M]0/f[I]0 187.8 530.7 1084 α[M]0/[E]0 1.125 0.975 0.912 

f 1.06 0.94 0.92 fext 0.94 0.89 0.88 

t0 1.86 3.41 5.99 t0 0.511 0.953 2.552 

  

As we defined in equation (2-10),  

𝛼𝛥[𝑀] = [𝑃∗] + [𝑃∗M] + 𝛽𝛥[𝑀], where β is the dimensionless deactivation 

constant, 
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𝛼𝛥[𝑀] = 𝐾1[𝐸][𝑃
′](1 + 𝐾2[𝑀]) + 𝛽𝛥[𝑀] . (2-17) 

As shown in Table 2-2, the values of [E][P’] and α decrease corresponding to the 

increase in [M]0. If we take the maximum limit of ΔM (i.e., [M]0), equation 2-17 becomes: 

𝛼[𝑀]0 = 𝐾1[𝐸][𝑃′] + 𝛽[𝑀]0 .  

After transformation, we obtain the following function between our fitting 

parameters k’app and α[M]0/[E]0, as,  

𝛼[𝑀]0

[𝐸]0
=

𝑘𝑎𝑝𝑝
′

𝑘𝑝𝐾2[𝐸]0
+

𝛽[𝑀]0

[𝐸]0
 . (2-18) 

We plotted α[M]0/[E]0 as a function of kapp and found that the trend exhibits a 

linear relationship. Then two constants kpK2[E]0 (equal to 1.64 min-1) and β[M]0/[E]0 (equal 

to 0.871) are estimated by a linear regression.   

 

Figure 2-5: Fitting parameter α[M]0/[E]0 plotted against kapp and fitted with a 

linear function. 
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Surprisingly, β[M]0/[E]0 seemingly remains constant as we vary the initial 

monomer concentration, which suggests that enzyme deactivation decreases with 

increasing starting monomer concentration. We speculate that this is caused by the 

binding event between TdT and monomer, which particular at high monomer 

concentrations, protects TdT’s polymerase activity by preventing mis-folding.  

Thus Model III provides new insights into enzyme mediated “living” 

polymerization and offers an alternative way to study TcEP kinetics. As we mentioned 

before, Model III requires data transformation from number average DP to monomer 

conversion, which may introduce a systematic error. On the other hand, the simple 

exponential model (i.e., Model II) provides a computationally simple and 

straightforward way to quantitatively describe the progress of TcEP, although the 

missing deactivating property of TdT may introduce error when the enzyme 

concentration is significantly lower than that of the initiator. Nevertheless, we will use 

Model II in Chapter 3 to analyze the kinetics for unnatural nucleotide incorporation.  

2.4.2 Effect of initial enzyme concentration on the TcEP kinetics 

In addition to manipulating the DPs of polynucleotides by adjusting the [M]0/[I]0, 

we further investigated the effect of TdT concentration on the MW distributions of the 

reaction products.  
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Figure 2-6: Dependence of the molecular weight distribution on the TdT 

concentration. Cy5 scan of 5% TBE-PAGE gel images and the corresponding relative 

fluorescent distributions in the gel image are plotted against the DP. TdT 

concentration decreases from 1 U/μl (a) to 0.05 U/μl (b), which is equivalent to a 

decrease of the molar ratio of [E]0/[I]0 from 2 to 0.1. The relative Cy5 fluorescent 

intensities of (a) and (b) are plotted in (c) and (d), respectively. The polydispersity 

index (PDI) values are shown in the plots. The width of the dashed box in (d) is scaled 

with the x-axis. 
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To determine the dependence of the MW distribution on TdT concentration, we 

examined the polymerization progress with TdT concentrations at 1 U/μl and 0.05 U/μl, 

as shown in Figure 2-6. When the starting molar ratio of TdT to initiator decreases from 

2 to 0.1, the polydispersity index (PDI) increases from ~1.05 to ~1.31. This broadened 

distribution of reaction products is likely caused by the insufficient amount of TdT, 

which results in an increased fraction of unextended initiator. The fraction of 

unextended initiators is plotted as a function of time in Figure 2-7. When the starting 

molar ratio of TdT to initiator equals 0.1 (i.e., TdT concentration equals 0.05 U/μl), the 

fraction of unextended initiator is a function of the reaction time (Figure 2-7). At the 

beginning of the reaction, not every dormant chain P’ has access to TdT to form an active 

center P*; however, as the reaction proceeds, the fraction of growing initiator chain 

increases gradually and reaches about 80% at a reaction time of 1440 min. When the 

starting molar ratio of TdT to initiator equals 2 (i.e., the TdT concentration equals 1 

U/μl), the fraction of unextended initiator roughly remains the same (less than 20%). The 

starting molar ratio of TdT to initiator thus determines the fraction of extended initiator 

and critically influences the molecular weight distributions. To achieve polynucleotides 

with narrow polydispersity, a sufficient amount of TdT is required, and thus our TcEP 

reactions are exclusively conducted at 1 U/μl of TdT throughout this dissertation.  
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Figure 2-7: The fraction of unreacted initiator is plotted against reaction time, 

in which TdT concentrations are 1 U/μl (a) and 0.05 U/μl (b), respectively. 

 

2.5 Conclusions 

In this chapter, we first reviewed the Michaelis-Menten enzyme kinetics and the 

characteristics of “living” chain-growth polycondensation reactions. Inspired by 

polymer science, we interpreted the reaction mechanism of TcEP with that of “living” 

chain-growth polycondensation reactions. This approach allows us to manipulate the 

TcEP reaction and control the MW of the reaction products by reaction time and starting 

concentrations of monomer, initiator and TdT. To this end, we studied the reaction 

progress kinetic and proposed three possible models to describe the reaction progress of 

TcEP, including an augmented Michaelis-Menten model (Model I) with Lambert W 

function solution, a simple exponential model (Model II), and an enzyme-mediated 

exponential model (Model III). The time-course data of monomer conversion, acquired 

from in situ 1H NMR, enable us to evaluate the effectiveness of these three models. We 
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fitted the monomer conversion data with Models I and II, respectively, and found a 

systematic error in the residual plot, although both models capture the majority of the 

experimental data points well (R2 > 0.98). We attribute this deviation to the deactivation 

activity associated with TdT as the reaction proceeds. We further revised Model II by 

taking into account that TdT’s polymerase activity decays as the converted monomer 

concomitantly increases. This new insight was cleared from Model III, which describes 

the progress of the TcEP reaction well and does not exhibit a pattern in its fitting 

residual plot. 

To conduct TcEP kinetics studies more conveniently, we terminated the reaction 

at different, predetermined reaction times, and used fluorescent gel electrophoresis to 

determine the MW and the MW distributions of the reaction products. Using a 

straightforward fluorescent gel electrophoresis, enables any molecular biology lab to 

monitor TcEP reactions and thus synthesize high MW polynucleotides. To further study 

the effects of starting concentrations of monomer, initiator and TdT on the progress of 

TcEP, we varied the starting molar ratio of M/I from 200 to 1000. Similar to “living” 

polymerization, the MWs of the final reaction products can be manipulated by the feed 

ratio of M/I. Furthermore, we investigated the dependence of polydispersity on the 

starting molar ratio of enzyme to initiator, in which a lower ratio (i.e., insufficient 

amount of TdT) results in a broader MW distribution. As a result, TcEP is governed by 

the concentrations of initiator, monomer and enzyme. The mechanistic understanding of 
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TcEP and the kinetics models provides a practical way to precisely manipulate the 

synthesis of polynucleotides, which is extremely helpful for our further studies, outlined 

in Chapters 3 and 4. 

2.6 Materials and methods 

2.6.1 Materials 

All Cy5 5‘-end modified oligonucleotide initiators used in this study were 

synthesized by Integrated DNA Technologies, Inc. Monomer dTTP, enzyme TdT, and 

TdT buffer were purchased from Promega Corporation, and used without further 

purification. Fluorescent gel electrophoresis was conducted on a mini-PROTEAN® tetra 

vertical electrophoresis cell, by loading a 2 μl sample (0.2 μM) into a 5% Mini-

PROTEAN® TBE gel purchased from Bio-Rad Laboratories. The gels were imaged with 

a Typhoon 9410 scanner (GE Healthcare Life Science) at 633 nm laser excitation. To 

accurately evaluate the product DP, the standard curve was established by an in-house 

made Cy5-poly(dT)x ladder to maintain the same chemical composition as our samples, 

ranging MW from 50, 140, 230, 320, 410, 500, 590, 680, 770 nucleotides. 

2.6.2 Methods  

A typical enzyme kinetics assay. The reaction mixtures consisted of initiator i.e., 

Cy5-dT10 (0.2 μM), monomer i.e., dTTP (40, 100, or 200 μM) and 200 U of TdT in 200 μl 

of TdT buffer. All reactions were carried out at 37 ºC and 5 μl of reaction mixture was 

taken out from the reaction mixture and terminated with 1 μl of EDTA (200 mM, ice 
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preincubated) at predetermined times (1, 2, 3, 5, 15, 30, 45, 60, 120, 180, 300 min). We 

noticed a discrepancy of TdT activity when acquired from different resources. In this 

study, we used TdT from Promega Corporation for all reactions. One unit of TdT 

corresponds to 0.46 μM.  

For the 1H NMR study, the reaction mixture was concentrated and consisted of 

Cy5-dT10 (6 μM) and dTTP (3 mM) and 930U of TdT in 480 μl of TdT buffer.   

 

1H NMR Spectroscopy. Real time 1H NMR spectra were recorded on a Bruker 

500 MHz spectrometer with a variable temperature probe regulated at 37 ºC. Spectra 

were taken every 200 s, collecting 32 scans with an acquisition delay of 3.66 s and 

relaxation delay of 1.00 s for each date point. This yielded 36 spectra over the first 120 

min of the reaction. A wide spectral window of -1.7 ppm to 11.4 ppm was used to ensure 

accurate baselines. The reaction mixtures consisted of 3mM dTTP, 6 μM Cy5 tagged T10 

initiator and 1.9 U/ μl in a D2O solution with 1× TdT buffer. With the exception of TdT, 

all reagents were lyophilized, redissolved in D2O. Suppression of residual water signal 

from the enzyme stock solution was achieved using a PRESAT sequence. The 1H NMR 

data were processed using MestReNova (v 8.0.1-10878). Each spectrum was individually 

phase-corrected, baseline-corrected, and referenced to the suppressed water signal. 

Conversion was calculated based on the relative integrals for H6 (7.89 ppm dTTP, 7.76 

ppm poly(dT)) and H1’ (6.42 ppm dTTP, 6.36 ppm poly(dT)), selecting integral regions 



 

54 

in bulk. The differences in conversions calculated from H6 and H1’ were shown to be 

insignificant (<1%) and had no systematic bias. 

All non-linear regression is performed with MATLAB (2015b). 
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3. TcEP based polynucleotide synthesis  

The presence of nucleobases along the polynucleotide chains distinguishes 

polynucleotides from other linear polyanionic polymers, and provides the ability to 

encode genetic information along with chemical diversity. This code information and 

the diversity of natural and unnatural nucleotides inspired us to develop TdT catalyzed 

enzymatic polymerization (TcEP) beyond the synthesis of homo-polynucleotides, to 

create multifunctional DNA-based polymeric materials. In this chapter we explore 

TcEP’s ability to integrate sequence-coded initiators at the 5’-terminus and to 

incorporate functionalized deoxynucleotide triphosphates (dNTPs) along the growing 

chains from the 3’-terminus. We first study the effect of the initiator length on the 

enzymatic polymerization of homo-dNTP, and then investigate the feasibility of 

integrating sequence coded initiators. Moreover, we highlight the capacity of TdT to 

polymerize different types of unnatural dNTP, including fluorescent, hydrophobic, and 

reactive nucleotides.  

3.1 Synthesis of homo-polynucleotides 

3.1.1 The effect of initiator length 

TdT has been utilized since the 1960s to add short homo-polynucleotide tails 

(less than 50 nucleotides) to either duplex or single stranded DNA chains.37 In the case 

where duplex DNA is the initiator, TdT performs more efficiently on protruding ends 

than on recessive or blunt ends.39, 106 When single stranded (ssDNA) is used as an 



 

56 

initiator, it is widely understood that TdT requires an initiator with a minimum of three 

nucleotides to extend the oligonucleotide chain. Although it should be noted that one 

controversial study showed that TdT is capable of de novo synthesizing short DNA 

fragment from monomer dNTPs in the absence of an initiator.33 Early kinetics studies 

indicate that the binding constant remains approximately the same when the length of 

the initiator ranges from 10 to 50 nucleotides (nt), but begins to decrease significantly 

when the length of initiator falls below 10 nt.96 This experimental observation became 

better understood when the analysis of TdT’s crystal structure revealed that only four 

nucleotides from the 3’-end of an initiator come in contact with the catalytic pocket of 

the enzyme.102 

To study the effect of initiator length on the synthesis of high molecular weight 

(MW) polynucleotides, we conducted a series of kinetics experiments where we varied 

the lengths of the initiators. We selected Cy5 tagged dT5, dT10, dT30, and dT50 as 

initiators and reacted them with the monomer dTTP using the same starting M/I. As 

shown in Figure 3-1, the degree of polymerization (DP) increases with increasing 

reaction time. In all cases, when comparing the DP of the final products (i.e., t = 1440 

min) across these four initiators, we observed a significantly larger DP of Cy5-dT5 

initiated reaction products compared with that obtained from longer initiators. For the 

Cy5-dT5 initiated reaction, we also observed higher fluorescence intensities smeared out 

below the products’ bands, reflecting the unextended initiator residuals. These 
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unextended initiators effectively increase the monomer to initiator ratio in the reaction 

mixture, which leads to a higher DP (see Chapter 2). This inefficient initiation by Cy5-

dT5 agrees with findings from early enzyme kinetics studies that showed that the 

affinity of TdT to short oligonucleotides (i.e., 5-mer) is significantly lower than that to 

oligonucleotides with lengths above 10 nt. For the initiators with length ranging from 10 

to 50 nt, there are no significant differences in the polymerization kinetics and the 

initiation efficiency. 

 

Figure 3-1: The effect of initiator length on DP. (a)-(d) show agarose gel images 

of reaction products, in which polymerizations were terminated at predetermined 

time points ranging from 1, 2, 3, 5, 15, 30, 45, 60, 120, 180, 300, and 1440 min. Under the 

same starting M/I (500), the length of initiator equals 5 nt (a), 10 nt (b), 30 nt (c), and 50 

nt (d). The DPs are estimated by the 2kb RNA ladder.  
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Importantly, Figure 3-1 (a), shows that the Cy5-dT5 initiator oligonucleotide 

migrated anomalously in agarose gel. This can be explained by the significant change of 

mass to charge ratio (i.e., 5 nt/ 4(-e)) arising from the introduction of the positively 

charged Cy5 tag, compared to normal polynucleotides (i.e., 1 nt/1(-e)). We observed that 

when the length of an oligonucleotide is less than 10 nt, the chemical modification of an 

oligonucleotide (e.g., Cy5 tag) can significantly affect its mass/charge ratio and result in 

anomalous gel electrophoretic migration, in which the short oligonucleotide migrates 

slower than it is expected (i.e., band presents at higher MW). Our experimental 

observations agree with the recent literature that also reported anomalous 

oligonucleotide migration for length less than 10 nt.107 Hence, for future studies we 

exclusively used initiators with a minimum length of 10 nt to avoid (i) low initiation 

efficiency and (ii) anomalous electrophoretic migration.   

3.1.2 The effect of initiator sequence 

To further explore TcEP’s synthesis ability, we are interested in integrating 

functional moieties at the 5’-terminus of the extended polynucleotides. As we discussed 

in Chapter 1, the intramolecular interaction of nucleobases within ssDNA can lead to the 

formation of secondary structures, such as hairpin loops. The use of an initiator with 

specific sequence that can form secondary structure could potentially be used to 

decorate the 5’-terminus of an extended polynucleotide chains. For example, aptamers, 

usually ssDNA or ssRNA with pre-selected sequence, are functional molecules that form 



 

59 

specific secondary structures. This structural motif enables them to bind a specific target 

molecule with high affinity, which holds great potential in targeted drug delivery, 

biosensing, and diagnostic reagents.21, 27 For this purpose we selected two aptamers (i.e., 

sgc-8 and MUC1) to initiate TcEP and explored how these predetermined sequences 

affect their initiation abilities. 

The sgc-8 aptamer (5’-ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT 

GTA CGG TTA GA -3’) was adopted for its specific affinity towards PTK7 kinase that is 

overexpressed on the surface of leukemia CEM-CCRF cells.75, 108 In addition, we 

investigated one type of a Mucin 1 (MUC1) aptamer (5’-GCA GTT GAT CCT TTG GAT 

ACC CTG G-3’) that can bind with high affinity to a unique glycoprotein with extensive 

O-linked glycosylation that is abundantly expressed on the surface of certain epithelial 

cancer cells including breast, ovary, colon, pancreas, lung and prostate.23, 24  

 

Figure 3-2: Homo-polynucleotide (poly(dA) and poly(dT)) synthesis from 

aptamer initiators. (a) Schematic structures of aptamers sgc-8 and MUC1. (b) Different 

DPs were generated by reacting different molar ratios of sgc-8 aptamer [I]0 to 

nucleotide concentrations [M]0 (A1 = 200, A2 = 500, and A3 = 1000; T1 = 200, T2 = 500, 

and T3 = 1000). (c) Poly(dT)s were generated from Cy5-MUC1 and Cy5-dT30 initiators, 

respectively ([M]0/[I]0 = 500). The DPs are estimated using a 2kb RNA ladder.  
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The DPs of the reaction products were analyzed by fluorescent gel 

electrophoresis as shown in Figure 3-2. As before, we set the DPs of the reaction 

products by controlling the starting monomer and initiator concentrations. By varying 

the starting M/I ratio from 200 to 1000, the average DP of sgc-poly(dA) could be adjusted 

from 200 to 1000 nt, while that of sgc-poly(dT) ranged from 350 to 2000 nt. We attribute 

the observed DP discrepancy between sgc-poly(dA) and sgc-poly(dT) to the lower 

affinity of TdT towards dATP, a finding consistent with our previous experience.31 To 

compare the initiation efficiency between homo-oligonucleotides and sequence-coded 

oligonucleotides, a Cy5-dT30 that has similar length as the MUC1 aptamer, but does not 

fold into a specific secondary structure was selected as a reference. The MUC1 aptamer 

successfully polymerized dTTP to around 500 nt. However, when compared to initiator 

Cy5-dT30, the average DP decreased significantly from about 1000 to 500 nt, with a 

broader MW distribution. We surmise that this is caused by the secondary structure 

inherent in the MUC1 aptamer, which decreases its initiation ability. We will further 

explore the potential of the MUC1 aptamer as an initiator to incorporate unnatural 

nucleic acid drugs in Section 3.2.3. 

3.1.3 Combination of initiator and monomer 

As discussed in Chapter 2, TcEP proceeds by appending one dNTP to the 

initiator in each reaction cycle. This means that the resulting n-mer serves as an initiator 

again for the next reaction cycle. And the initiator and the added-on monomers thus 
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determine the sequence of the final product. This sequence can give rise to formation of 

secondary inter- or intra- chain structures, which is most exquisitely exploited in DNA 

molecular recognition. 

The lower DP resulting from the MUC1 aptamer initiated polymerization 

motivates us to investigate potential structural hindrance that could obstruct the 

enzymatic polymerization. It is well known that poly(dG) and poly(dC) have the 

tendency to form G-quadruplex and i-motif secondary structural motifs, respectively. 

We polymerized dCTP and dGTP using a MUC1 aptamer initiator to test our hypothesis 

that the secondary structures present either in poly(dC) or poly(dG) would hinder the 

enzymatic polymerization. The polymerization of dTTP served as a control. All reactions 

were conducted with a starting M/I = 500 (initiator: MUC1 aptamer), and the reaction 

products were analyzed by gel electrophoresis as shown in Figure 3-3 (a). The agarose 

gel was stained by SYBR® Green II dye and imaged with SYBR® fluorescent excitation. 

The DPs of poly(dG) and poly(dC) chains grew to above 2000 nt, with broad 

distributions. Since homo-polynucleotides cannot be stained by SYBR® Green II dye due 

to the absence of base parings. The bands present in the gel confirmed the formations of 

G-quadruplex and i-motif secondary structural motifs. These inherent secondary 

structures present in poly(dG) and poly(dC) impeded the “living” chain growth 

polycondensation reaction and led to broad MW distributions of the reaction products. 

In addition to standard reaction condition, we also incubated the duplicate reactions on 
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a shaker at 37ºC, which had no apparent effect on the dispersity and MW of the reaction 

products. 

 

Figure 3-3: (a) Agarose gel image of MUC1 initiated poly(dT) (lanes: T and T’), 

poly(dC) (lanes: C and C’) and poly(dG) (lanes: G and G’). The reactions in T’, C’ and 

G’ lanes are duplicates from lane T, C, and G, respectively, while the reactions were 

conducted on a shaker. The visualization of polynucleotide chains arises from the 

SYBR® Green stain for the secondary structure formed within aptamer MUC1, 

poly(dG), or poly(dC). (b) TBE-PAGE gel image of Cy5-dT50 initiated poly(dA). The 

unreacted initiator fragments are highlighted by the red box.  Reactions were 

terminated at predetermined time points ranging from 1, 2, 3, 5, 15, 30, 45, 60, 120, 180, 

300, and 1440 min. 

Additionally, we investigated the polymerization of dATP from a Cy5-dT50 

initiator. The composition of Cy5-dT50-poly(dA) formed duplex DNAs, and lead to a 

broad distribution of reaction products (DPs ranging from 50 to 700 nt). The high 

fluorescence intensity observed from the unreacted residuals on the bottom of the gel 

indicates a lower initiation efficiency. The SYBR® fluorescent scan of the unreacted 
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initiator fragments confirmed our assumption that the duplex structure was formed due 

to the canonical base pairing between A and T, because neither homo- poly(dA) nor 

poly(dT) can be visualized by the SYBR® fluorescent scan. To synthesize polynucleotides 

with predictable MWs and narrow MW distributions, we thus recommend that the 

combination of initiator and monomer should not form secondary structures that could 

impose steric encumbrance on TdT. 

3.2 Incorporation of unnatural nucleotides 

One exceptional property of TdT is that it can accommodate not only natural 

dNTPs but also a wide range of unnatural dNTPs, which endows functionality along the 

growing polynucleotide chains. Previously, collaborating with the Chilkoti group at 

Duke University, we have identified several unnatural dNTPs that can be incorporated 

by TcEP, including fluorescent Cy3-dUTP, amino allyl-dUTP and aldehyde-dUTP.11 

Although TdT displays different affinities towards different nucleotide structures, the 

general pattern is that with increasing molar fraction of unnatural dNTPs in the reaction 

mixture, the DP of the resulting co-polynucleotide products decreases.11 In this section, 

we study the effect of incorporating hydrophobic BODIPY-dUTP and 5-Fluoro-dUTP (a 

nucleic acid drug) on the DPs of their co-polynucleotide reaction products. In addition, 

we also studied the kinetics of copolymerization of dTTP and Fluorescein-dUTP to 

investigate the incorporation pattern along the growing chain.  
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3.2.1 Choices of unnatural dNTPs 

Several groups have demonstrated that TdT’s preferential incorporation of 

natural dNTP is dGTP > dCTP > dTTP > dATP. 109, 110 However, as we showed the 

synthesis of high MW polynucleotides is impeded by the formation of secondary 

structures resulting from poly(dG) or poly(dC). Hence, this dissertation focuses on the 

polymerization of natural dTTP and its derivatives. The diversity of modified dNTP that 

TdT can process spans from the 5-substituted indolyl nucleotides,31 stereoisomers of 

nucleotides (e.g., α-D-dNTP),111 to some of the triphosphate derivatives of dNTP.112 We 

hypothesize that this capability to accommodate a wide range of chemical modifications 

indicates that the main contribution to TdT’s catalytic activity arises from the interaction 

with triphosphate residues. In spite of its accommodating ability, TdT shows a strong 

bias in the incorporation of unnatural nucleotides, in which the less bulky unnatural 

dNTPs are more efficiently incorporated along the growing chains. This most likely is 

due to the details of hydrogen bonding interactions between the unnatural nucleotide 

and the active site on the enzyme.30 The ability of TdT to discriminately incorporate 

unnatural nucleotides motivates us to investigate the incorporation efficiencies of 

different functionalized dNTPs. As shown in Scheme 3-1, all of the unnatural dNTPs are 

modified at the C-5 position of the uridine bases, in which the methyl group of the 

naturally occurring dTTP is replaced by the modified group. Specifically, we 
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investigated three representative unnatural-dUTPs including Fluoro-dUTP (1) and 

BODIPY-dUTP (4), and Fluorescein-dUTP (5). 

 

Scheme 3-1: Chemical structure of dTTP and its -CH3 substituted unnatural 

nucleotides including (1) 5-Fluoro-dUTP, (2) aminoallyl-dUTP (NH2-dUTP), (3) 

aldehyde-dUTP (CHO-dUTP), (4) Fluorescein-dUTP, (5) BODIPY-dUTP, (6) 5-

dibenzylcyclooctyne-dUTP (DBCO-dUTP) and (7) alkyne-dUTP. 

3.2.2 Hydrophobic fluorescent BODIPY-dUTP (B-dUTP) 

Fluorescent BODIPY-dUTP (B-dUTP) was selected for the following two reasons: 

first, B-dUTP is a hydrophobic molecule with the ability to drive self-assembly;113, 114 

second, BODIPY is a fluorophore, which conveniently allows us to quantify its 

incorporation by fluorescence spectroscopy. 
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Figure 3-4: The dependence of co-polynucleotide MW on the presence of B-

dUTP. (a) Cy5 scan of the agarose gel shows that the DP of extended polynucleotides 

decreases with increasing molar ratio of unnatural B-dUTP to natural dTTP (0, 0.005, 

0.01, 0.02, 0.05, and 0.1). (b) BODIPY scan of the agarose gel verifies the presence of 

the BODIPY moiety and the intensity of the BODIPY signal increases with increasing 

the number of incorporated B-dUTP in the reaction mixture. 

To study the incorporation of B-dUTP, we copolymerized the natural dTTP and 

B-dUTP in the presence of Cy5-dT10 (initiator) with a starting M/I of 1000. 

Polymerization did not occur when B-dUTP was added as the only monomer. Hence, we 

studied the effect of B-dUTP concentration on the DP by varying the molar ratio of 

unnatural B-dUTP to natural dTTP (0, 0.005, 0.01, 0.02, 0.05, and 0.1). As shown in Figure 

3-4, more B-dUTP are randomly incorporated into the growing polynucleotide chains 

when the B-dUTP/dTTP ratio increased from 0.0005 to 0.02, however the DP of the 

extended chains decreased concomitantly with an increase in the breadth of the MW 

distribution. At higher B-dUTP concentrations, (i.e., B-dUTP/dTTP: 0.05, 1), there are 

only few polymerization products for the B-dUTP/dTTP ratio of 0.05 and 0.1. These 

results show that TdT is less favorable towards polymerizing BODIPY than dTTP, which 
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agrees with our speculation that the bulky B-dUTP (modified by BODIPY at the C-5 

position of the uridine base by an alkynyl-amino linker), affects TdT’s catalytic activity, 

and thus inhibits the addition of monomer into the growing polymer chain. Yet, the 

hydrophobic property of BODIPY enables the synthesis of amphiphilic block 

polynucleotides. Thus, we will continue the study on B-dUTP block co-polynucleotides 

and their self-assembly behaviors in Chapter 4. 

3.2.3 Nucleic acid drug 5-Fluoro-dUTP (5F-dUTP) 

The nucleic acid drug 5-Fluoro-dUTP (5F-dUTP) is another, unnatural nucleotide 

which is of interest to us, for the following reasons. (i) The less bulky fluoro- group on 

dUTP likely presents little steric hindrance and thus should allow a high degree of 

incorporation of the 5F-dUTP into the extending polynucleotide chain, and (ii) 5F-dUTP 

is the metabolite of 5-Fluorouracil (5FU) which has been widely used in chemotherapy 

for a wide range of metastatic tumors including colorectal, breast, and aerodigestive 

tract cancers.115 The cytotoxicity mechanism of 5-FU has been primarily attributed to the 

inhibition of thymidylate synthase (TS) activity and the mis-incorporation of its 

metabolites into DNA and RNA. This disrupts normal DNA and RNA processing and 

functions, which leads to DNA and RNA strand breaks as well as apoptosis. The 

intracellular degradation of poly(5F-dU) could directly convert the polynucleotide drugs 

into its metabolite 5F-dUMP, which circumvents the conversion from 5-FU to its 

metabolites. 
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Figure 3-5: DP dependence on the presence of 5F-dUTP. Gel electrophoresis of 

Cy5-(dT)10 (a), sgc-8 aptamer (b) and Cy5-MUC1 (c) initiated co-polynucleotides of 

dTTP and 5F-dUTP. Cy5 scan (a, c) and fluorescent scan (b) of the agarose gel show 

that the DPs of extended polynucleotides with different molar ratio of unnatural 5F-

dUTP to natural dTTP (0, 0.1, 1, and 10) as well as pure unnatural 5F-dUTP. 

We conducted a set of polymerization reactions with a range of molar ratios of 

5F-dUTP to dTTP and different types of initiators. As shown in Figure 3-5, our 

speculation of the high incorporation efficiency of 5F-dUTP was confirmed by the 

presence of 5F-dUTP alone in the reaction that generated an unnatural homo-poly(5F-U) 

for all three initiators. The successful polymerization of unnatural homo-nucleotides 

provides a facile approach to synthesize polymeric nucleic acid drugs. We note, 

however, that a small amount of natural dTTP significantly increases the MW of the 

resulting co-polynucleotides. For three different initiators, the presence of a 10-fold 

excess of 5F-dUTP over dTTP renders a relatively efficient extension of polynucleotide 

to average DPs of 500 (T10), 270 (sgc-8), and 250 (Cy5-MUC1) nt, respectively. An equal 

amount of 5F-dUTP and dTTP results in a co-polynucleotide with average DPs of 1400 
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(Cy5-dT10), 800 (sgc-8), and 500 (Cy5-MUC1) nt, respectively. The less bulky 5F-dUTP is 

incorporated more favorably than other unnatural nucleotides into growing chains. This 

suggests that enzymatic polymerization could be exploited to efficiently generate 

polymeric nucleic acid drugs for drug delivery applications.     

In addition, both the sgc-8 and MUC1 aptamers successfully initiated the co-

polynucleotide polymerization in the presence of 5F-dUTP, although both aptamer 

initiators led to an overall lower DP when compared to the Cy5-dT10 initiator. We also 

noticed that the bands associated with MUC1 initiated polynucleotides have larger MW 

dispersity than those initiated from Cy5-dT10 or sgc-8, which we attribute to the 

complex secondary structure present in the MUC1 aptamer. The ability to incorporate 

5F-dUTP from an aptamer initiator (i.e., sgc-8 or MUC1) holds great promise for the 

development of targeted therapeutics.  

3.2.4 Incorporation of Fluorescein-dUTP 

In this dissertation and our previous publications, we have demonstrated the 

ability of TcEP to incorporate a wide range of unnatural dNTPs.11, 114 We noticed that the 

number of incorporated unnatural dNTPs significantly decreases as the chemical 

structure becomes more bulky, which indicates that the polymerization is limited by 

steric constraints imposed by structural features in the TdT. Beyond study of the average 

DPs of the reaction products, we are also interested in the distribution pattern of 
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unnatural dUTP along the co-polynucleotides because the distribution pattern could 

play a critical role in their functionality, for example, self-assembly behavior.  

 

Figure 3-6: (a) TBE-PAGE gel image of Fluorescein-dUTP incorporated co-

polynucleotides. Reaction products were terminated at predetermined time points 

ranging from 1, 5, 30, 120, and 1440 min. (b) A simple exponential kinetics model 

(Model II) is used to fit to the time course data. (A = 371 ± 11.6 nt, kapp = 0.054 ± 0.011 

min-1 and t0 = 4.22 ± 1.60 min) (c) The ratio of Fluorescein over Cy5 intensity is plotted 

as a function of DP. The data is fit with a linear function. (d) Schematic showing two 

possible incorporation routes. 

To this end, we conducted a kinetics study on the copolymerization of natural 

dTTP with unnatural-dUTP (i.e., Fluorescein -dUTP). We analyzed the number average 

DP from the Cy5 scan of PAGE gel image (Figure 3-6 (a)) and applied our simple 

exponential model (Model II) to fit the reaction progress to obtain a kapp equal to 0.054 ± 

0.011 min-1, which is about 1/3 lower than that of polymerization of pure dTTP (i.e., 0.08 
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min-1, see Table 2-2). The decrease in kapp in presence of Fluorescein-dUTP is likely due to 

the lower binding constant K2 of Fluorescein-dUTP compared to dTTP (kapp represents 

the product of kpK1K2[E][P’], in which K1 and K2 represent the binding constants towards 

initiator and monomer, respectively). This evidence confirmed that TdT has less affinity 

towards the unnatural dNTP. To investigate the distribution pattern of incorporated 

Fluorescein-dUTP, we then measured the sum of the fluorescent intensities in the 

product band for both Cy5 and fluorescein in each lane (Figure 3-6 (a)). We divided the 

fluorescein intensity by the intensity of Cy5 (constant through the reaction as it is tagged 

at the 5’-terminus of initiator) to obtain the relative fluorescein intensity as a function of 

the polynucleotide chain growth. Figure 3-6 (c) shows that the relative fluorescein 

intensity increases linearly with DP of the growing polynucleotide chain, suggesting 

that Fluorescein-dUTP is statistically uniformly distributed along the polynucleotide 

chains, as shown in Schematic (ii) in Figure 3-6 (d). Although the incorporation of 

Fluorescein-dUTP is statistically uniform along the polynucleotide chains, TcEP still 

lacks the ability to control the incorporation of nucleotides with a nucleobase-level 

precision. 

3.3 Conclusion 

In this chapter, we explored the effect of sequence-coded initiator at the 5’-

terminus on the initiation efficiency in TcEP. Furthermore, we explored TcEP’s ability to 

incorporate unnatural dNTPs into the growing chains. We concluded that: (1) the 
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minimum length of an effective initiator should be 10 nucleotides to achieve an efficient 

initiation step; (2) the formation of secondary structures close to the 3’-hydroxyl end can 

impede enzymatic polymerization and lead to broad MW distribution of the reaction 

products; (3) a wide range of nucleobase modified unnatural dUTPs can be 

copolymerized via TcEP, though less bulky structures are more favorable for the 

elongation of the polynucleotide chains. In some cases, e.g., the fluoro modified 5F-

dUTP, TcEP can proceed even in the absence of natural dNTPs. We posit that the 

incorporation of 5F-dUTP into a polymeric drug overcomes a major limitation that arises 

from the innate hydrophilicity of 5-FU, which hampers its incorporation in traditional 

drug delivery micelles via hydrophobic interaction. And finally, (4) the distribution of 

incorporated unnatural dNTP, where Fluorescein-dUTP is incorporated in this case, 

along the growing polynucleotide chain is statistically homogenous. 

3.4 Materials and methods 

3.4.1 Materials 

All Cy5 5‘-end modified oligonucleotide initiators used in this study were 

synthesized by Integrated DNA Technologies, Inc. Monomer dTTP, enzyme TdT, and 

TdT buffer were purchased from Promega Corporation, and used without further 

purification. In addition, ChromaTide® BODIPY® FL-14-dUTP was purchased from Life 

Technology (Carlsbad, CA); 5-Fluoro-2’-deoxyuridine-5’-triphosphate, was purchased 

from Jena Bioscience (Jena, Germany); Fluorescein-5(6)-carboxaminocaproyl-[5-(3-
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aminoallyl)-dUTP (Fluorescein-dUTP) was purchased from Thermo Fisher Scientific Inc. 

(Waltham, MA). 

3.4.2 Methods 

To prevent the degradation of initiator resulting from the nuclease activity of 

TdT, we mixed the reaction mixtures prior to the addition of TdT. 

Aptamer initiated TcEP reactions all followed a similar procedure. For 

example, sgc-poly(dT) with different DPs was achieved by enzymatic polymerization 

using different M:I ratios (i.e., 200, 500, and 1000). The reaction mixtures consisted of 1 

mM dTTP monomer, sgc-8 aptamer initiator, (5 μM, 2 μM, and 1 μM, for M:I ratios 200, 

500, and 1000, respectively), and 10U of TdT in 10 μl of TdT buffer. 

Kinetics of Fluorescein-dUTP incorporation. The reaction mixture consisted of 

initiator i.e., Cy5-dT50 (0.2 μM), monomers i.e., dTTP (100 μM) and Fluorescein-dUTP (1 

μM) and 200 U of TdT in 200 μl of TdT buffer. All reactions were carried out at 37 ºC and 

5 μl of reaction mixture was taken out from the reaction mixture and terminated with 1 

μl of EDTA (200 mM, ice preincubated) at predetermined times (1, 5, 30, 120, and 1440 

min).
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4. Synthesis and self-assembly of diblock 
polynucleotides 

TdT’s unique ability to incorporate natural and unnatural dNTPs at the 3’-

terminus of a growing polynucleotide chain enables the synthesis of different 

polynucleotide copolymer architectures. In Chapter 2 we showed that TdT catalyzed 

enzymatic polymerization follows kinetically that of a “living” chain-growth 

polycondensation mechanism, in which monomer is added to a growing chain one at a 

time. Here we harness this “living” polymerization mechanism for a facile, two-step 

enzymatic synthesis of di-block polynucleotides. That is we re-initiated a TcEP 

synthesized homo-polynucleotide and subsequently polymerized natural or/and 

unnatural nucleotides again to generate a second block. In Chapter 3, we have 

demonstrated TdT’s ability to incorporate hydrophobic BODIPY-dUTP into the growing 

polynucleotide chains. In this chapter, we focus on the incorporation of hydrophobic 

unnatural dNTP into the second block to generate diblock polynucleotide amphiphiles 

that can self-assemble into micellar structures.  

First, we briefly review scaling law theory developed for polyelectrolyte block 

copolymers, and then coarse-grained dissipative particle dynamics (DPD) that have 

been applied to simulate the micellization of our polynucleotide amphiphiles. The DPD 

simulation work was performed in collaboration with Dr. Nan Li under the supervision 

of Prof. Yingling at NCSU. 
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We show that TcEP can then synthesize the di-block polynucleotides by stepwise 

addition of hydrophobic, unnatural dNTPs to a macro-initiator (e.g., poly(dT)). We were 

able to create star-like and crew-cut micelles by using TcEP to tune the relative lengths 

of hydrophilic to hydrophobic blocks. Furthermore, we studied the self-assembly 

behavior of these polynucleotide amphiphiles by high resolution AFM imaging and 

light scattering in a range of salt concentrations, where the bulk concentration of added 

salt exceeds the concentration of counterions. Our experimental and DPD simulation 

results agree with the predications from scaling law theory, applied to the self-assembly 

of polyelectrolyte copolymers.  

4.1 Review of diblock polyelectrolyte self-assembly 

As we briefly discussed in Chapter 1, the self-assembly of DNA amphiphiles 

consisting of hydrophilic oligonucleotides and synthetic hydrophobic moieties, is of 

importance for targeted drug delivery.3, 116 Similar to synthetic amphiphilic diblock 

copolymers, DNA amphiphiles can self-assemble into spherical or cylindrical micelles,76, 

117 or vesicles.118 The micellar morphology is mainly governed by the length of the 

oligonucleotide (i.e., hydrophilic block), the degree of hydrophobicity (i.e., 

hydrophobicity block), and the solvent condition. The structural characteristics, e.g., 

morphology, overall and corona/core size, and aggregation number, that are usually 

used to describe the self-assembly behaviors of synthetic diblock amphiphiles can also 

be applied to DNA amphiphiles. 
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The thermodynamic characteristic, e.g., critical micelle concentration (CMC), can 

also be used to describe the stability of DNA micelles. The CMC is the critical 

concentration of diblock amphiphile at which the micellization occurs. Smaller CMC 

values reflect a stronger driving force for micellization, and CMC is thus a measure for 

the free energy of micellization. 

The micellar structures resulting from our TcEP synthesized polynucleotide 

amphiphiles are composed of a negatively charged corona (i.e., phosphate backbone) 

and a hydrophobic core (i.e., hydrophobic unnatural dNTPs). To obtain desired micellar 

morphologies, a rational design of the polynucleotide amphiphiles is necessary. Given 

that polynucleotide chains are highly negatively charged, we will first briefly review the 

self-assembly of polyelectrolyte diblock copolymer, and then discuss coarse-grained 

DPD simulation as a method to simulate the self-assembly of polynucleotide 

amphiphiles.  

4.1.1 Micellar morphologies with polyelectrolyte corona 

Similar to neutral polymers, self-assembly behaviors (e.g., overall morphology, 

aggregation number) of polyelectrolyte diblock copolymers have been studied 

theoretically119 and experimentally.120, 121 Among the many different possibilities, 

polyelectrolyte diblock copolymers with a relatively long, hydrophilic block can form 

spherical core-corona micelles, whereas its counterpart with longer hydrophobic block 

lengths may self-assemble into cylindrical micelles, or bilayer vesicles.68 The self-
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assembled morphologies determined by their assembly behaviors are largely governed 

by the intricate equilibrium of non-covalent interactions, including electrostatic, steric, 

hydrophobic, van der Waals interactions, and hydrogen bonding.122 

Scaling law and mean-field theories have both been used to describe the self-

assembly of polyelectrolyte diblock copolymers, in which the polyelectrolyte diblock 

copolymers are composed of one charged hydrophilic block (NA) and one neutral 

hydrophobic block (NB), and the resulting self-assembled aggregates are in 

thermodynamic equilibrium (assuming that the solution contains only micelles with one 

population of aggregation).123, 124 Unlike neutral diblock copolymers, the presence of 

charges on the polymer backbone introduces another variable (the fractional charge (τ) 

of the polyelectrolyte block, or the ionic strength in solution) to the self-assembly 

system. The ionic strength in solution thus plays an important role for polyelectrolyte 

self-assembly due to the electrostatic interaction with counterions that associate with 

polyelectrolyte to maintain the overall electroneutrality of the solution. When the 

polyelectrolyte diblock copolymer is in a salt-free solution, the counterions are trapped 

in the corona of the micelle due to the local electrostatic potential. Then the losses in 

translational entropy of mobile counterions are opposed to the formation of micelles. 

When the polyelectrolyte has a small, fractional charge that is described as a 

“quasineutral” polymer, the electrostatic interactions are not important and the structure 

of the corona behaves similarly to that of neutral micelles.123 Since all our experiments 



 

78 

were conducted in a range of moderately high salt concentrations ( concentration of 

NaCl > 50 mM), we focus on the self-assembly in the salt dominated regime, i.e., the bulk 

concentration of added salt exceeds the concentration of counterions, and micelle 

formation does not lead to significant losses in the translational entropy of the 

counterions. In other words, our polynucleotide amphiphiles are in the “quasineutral” 

regime.  

Based on theoretical predictions, diagrams of possible micellar structure as a 

function of NA and τ (the fractional charge of the polyelectrolyte block),123 or NA and 

effective second virial coefficient124 were constructed, both of which show the predicted 

micellar morphologies as a function of the relative block lengths (i.e., NA to NB). Overall, 

micelle morphology is determined by the balance of the excess free energy of the water-

core interface (Finterface), and the free energies of the core (Fcore) and of the corona (Fcorona). In 

the case of NA >> NB, star-like micelles are formed by balancing the interfacial free energy 

Finterface and the corona free energy Fcorona. The contribution of the Fcore is negligible due to 

the extremely short length of NB. In the case of NB > NA, crew-cut micelles are formed 

over a range of salt concentrations, and the morphology transition from sphere to 

cylinder, and from cylinder to lamellar can be triggered by progressively increasing the 

ionic strength (salt concentration). A comprehensive review on the theoretical 

predictions of polyelectrolyte diblock copolymer can be found in reference.68  
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Scheme 4-1: Schematic showing (a) star-like micelle and (b) crew-cut 

aggregates with spherical, cylindrical and lamellar morphologies. Rcore is the radius of 

the core, and Rmicelle is the radius of micelle. 

4.1.1.1 Star-like micelles (Rmicelle >> Rcore) 

When a diblock copolymer has a relatively long hydrophilic block (i.e., NA >> NB), 

spherical star-like micelles are thermodynamically favorable. This is caused by the 

relatively large corona strands that tend to minimize the overlap and the repulsive 

interactions between the coronal blocks. In this star-like regime, the extension of the core 

blocks is negligible since its radius is relatively small compared to the size of corona. 

And the equilibrium of star-like micelles is dominated by the corona free energy (Fcorona) 

as well as the interfacial free energy between core and water (Finterface). The increase in salt 



 

80 

concentration reduces the repulsive interactions between the corona blocks and leads to 

a decrease in surface area per chain. In the “quasineutral” regime, scaling law theory 

predicts that the corona thickness (Rmicelle - Rcore) scales with hydrophilic block length to 

the 3/5 power, i.e., NA3/5,123 and a similar result is obtained from the mean-field 

approximation showing the analytic expression of corona thickness depends on NA6/11.124   

4.1.1.2 Crew-cut micelles (Rmicelle – Rcore << Rcore) 

When the thickness of the corona is much smaller than the core size, the spherical 

micelles are called “crew-cut” micelles. Upon increasing the ionic strength, the resulting 

sphere-to-cylinder and cylinder-to-lamellar morphological transitions can occur in the 

crew-cut micelle regime, and are driven by the relaxation of the elastic stretching in the 

core blocks. The radius of crew-cut micelles is predominantly determined by three 

factors: (i) the free energy of the planar corona, (ii) the surface free energy of the 

corona/core interface, and (iii) the elastic stretching of the core blocks.124 In the scaling 

law diagram, the crew cut micelles fall in the “planar quasineutral” regime and detailed 

scaling relations can be found in reference.123 

4.1.2. Dissipative particle dynamics (DPD) 

To better predict the possible morphologies of our polynucleotide amphiphiles, 

we used coarse-grained dissipative particle dynamics (DPD) to simulate the morphology 

changes of block polynucleotides as a function of relative hydrophilic to hydrophobic 

length and ionic strength. Specifically, a new implicit solvent ionic strength (ISIS) 
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methodology for DPD simulation was developed by our collaborator, Prof. Yingling at 

NCSU.125 This methodology combines the explicit solvent with the implicit ionic strength 

representation and permits large scale simulation of polyelectrolyte self-assembly and 

their response to changes in ionic strength, particularly in the salt dominated regime. 

This new ISIS DPD method enables us to predict the experimental measureable 

properties of micelles as a function of block length and solvent ionic strength. These 

properties include aggregation number, sizes of corona and core, and micelle 

anisotropy. In this dissertation, we use this new simulation tool as a guide to direct our 

polynucleotide synthesis. 

 

Figure 4-1: Phase diagram of typical aggregates of polyelectrolyte diblock 

copolymers obtained by DPD simulations. The section views for vesicles and side 

views for lamellar shapes are marked by the dashed circles and ellipsoids. The cyan 

and yellow beads represent the hydrophilic and hydrophobic block, respectively. 

This phase diagram is adopted from reference.126 
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As shown in Figure 4-1, each block-co-polyelectrolyte is composed of a 

hydrophobic block with a fixed degree of polymerization (NB = 4), and a hydrophilic 

polyelectrolyte block with different degrees of polymerization NA, ranging from 4 to 90. 

The predicted self-assembled morphologies of the polyelectrolyte diblock copolymers 

are displayed in the phase diagram as a function of the hydrophilic block length (NA) 

and the repulsive parameter app (i.e., a function of ionic strength). Three morphological 

types exist in the phase diagram, including (i) vesicle/lamellar aggregates, (ii) 

wormlike/cylindrical micelles, and (iii) spherical micelles. Increasing the length of NA 

leads to a morphological transition from vesicle/lamellar aggregates to cylindrical and 

spherical micelles. The change in micellar shape is generally governed by the free energy 

that arises from the electrostatic and steric repulsion between the polyelectrolyte corona 

blocks and the excess free energy at the core-water interface.123 More importantly, this 

DPD methodology allows us to quantitatively evaluate the scaling of the radius of 

gyration (Rg) of spherical micelles, in which, for NA = 30, NB = 4, a scaling relation Rg ~ cs-

0.03NA0.54 was obtained, while for NA > 30, NB = 4, Rg ~ cs-0.06NA0.54.  

4.2 Synthesis of diblock polynucleotides by TcEP 

To create amphiphilic polynucleotide block-co-polymers, hydrophobic unnatural 

nucleotides, for example BODIPY-dUTP (B-dUTP), were incorporated into the second 

block by either randomly co-polymerizing dTTP and B-dUTP, or homo-polymerizing of 

B-dUTP. Specifically, a homo-polynucleotide was first synthesized by TcEP and served 



 

83 

as a macro-initiator to re-initiate the second block. When the second block is a co-

polynucleotide (Scheme 4-2 (a)), a mixture of dTTP and B-dUTP was appended to the 

terminal 3’-OH group of the homo-polymer. When the second block was a short 

fragment of unnatural homo-polynucleotide (Scheme 4-2 (b)), only multiple B-dUTPs 

were appended to the terminal 3’-OH group of the homo-polymer. 

 

Scheme 4-2: Schematic showing di-block polynucleotide synthesis by TcEP. (a) 

A co-polynucleotide of dTTP and B-dUTP was appended onto the poly(dT); (b) 

multiple B-dUTPs were appended onto the poly(dT). 

4.2.1 Synthesis of asymmetric amphiphilic polynucleotides 

We first used TcEP to generate hydrophilic homo-poly(dT) with three different 

DPs  by tuning the starting M/I ranging from 200 to 1000, labeled as pT1, pT2 and pT3, 

respectively (Figure 4-2 (a)). About 50% of the poly(dT) were subsequently re-initiated 

with the addition of dTTP and B-dUTP at a molar ratio of 10/1 with a constant 

[M]0/[I]macro ratio of 200. The DPs of the resulting diblock polynucleotides, labeled as 

pT1BT, pT2BT, and pT3BT in Figure 4-1 (b), were determined by fluorescent gel 

electrophoresis, and are 1.0, 1.4, and 1.6 kilo nt, respectively.  The sequence for the 
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second block is a random distribution of T nucleotides and BODIPY modified U 

nucleotides as we discussed in Chapter 3. 

 

Figure 4-2: Agarose gel electrophoresis results showing enzymatically 

synthesized (a) poly(dT) with three different DPs, using [M]0/[I]0 of 200, 500, and 1000 

(lanes pT1-pT3), and (b) the di-block polynucleotides initiated from the three 

poly(dT)s, in which the second block is a co-polynucleotide composed of B-dUTP and 

dTTP. The presence of B-dUTP was verified by BODIPY fluorescence. (c) The DPs of 

the macroinitiators (open bar), and of the di-block co-polynucleotides (hatched bar) 

were plotted for three M/I ratios. The migrated distances were measured by the Cy5 

peak intensity of the bands, and were estimated by the Cy5-poly(dT)x standards. We 

established a correlation between 2kb RNA ladder and Cy5-poly(dT)x standards for 

2% agarose gel. 

However, these asymmetric amphiphilic co-polynucleotides did not yield 

uniform self-assembled structures as shown by AFM height images (images not shown). 

These observations are consistent with dynamic light scattering (DLS) results that show 

the presence of two populations of hydrodynamic radius (Rh), one with mean Rh: ~30 

nm, and the other with ~86 nm. We attributed this heterogeneity to the random 

distribution pattern of the hydrophobic moieties along the second block which leads to 

insufficient hydrophobicity to drive uniform self-assembly. Thus, we aimed to 
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synthesize a highly asymmetric diblock polynucleotide, with only hydrophobic B-

dUTPs in the second block.  

4.2.2 Synthesis of highly asymmetric amphiphilic polynucleotides 

Instead of incorporating a mixture of B-dUTP and dTTP into the second block, 

we used TcEP to append multiple copies of B-dUTP to three different DPs of homo 

poly(dT), respectively, which results in a highly asymmetric, amphiphilic diblock 

polynucleotide. The reaction products are labeled as pT1B, pT2B, and pT3B in Figure 4-

3. 

 

Figure 4-3: Agarose gel electrophoresis results showing enzymatically 

synthesized (a) poly(dT) with three different DPs, using [M]0/[I]0 of 200, 500, and 1000 

(lanes pT1-pT3), and (b) the three poly(dT)s enzymatically end-functionalized with B-

dUTP (lanes pT1B-pT3B), at a molar ratio of B-dUTP to poly(dT) of 10:1. The presence 

of B-dUTP was verified by BODIPY fluorescence. The migrated distances were 

measured by the Cy5 peak intensity of the bands, and were estimated by the Cy5-

poly(dT)x standards. We established a correlation between 2kb RNA ladder and Cy5-

poly(dT)x standards for 2% agarose gel. 

The DPs of pT1, pT2 and pT3 were determined from the Cy5 peak intensity of 

the bands in the gel, and were originally estimated by a 2kb RNA ladder. After the 



 

86 

construction of Cy5-poly(dT)x standards, we noticed a migration discrepancy between 

the 2kb RNA ladder and the Cy5-poly(dT)x standards due to the different 

electrophoretic mobility in agarose gel (See Appendix A). Taking into account that Cy5-

poly(dT)x standards have the same chemical composition as our TcEP synthesized 

polynucleotide samples, we established an empirical correlation between the 2kb RNA 

ladder and Cy5-poly(dT)x standards and estimated the DP again based on this 

correlation. After standard correction, the resulted DPs of pT1, pT2, and pT3 are 0.5, 0.9, 

and 1.2 kilo nt, respectively. The incorporation of the B-dUTP in the second block was 

verified by scanning the agarose gel for the fluorescence emission of the BODIPY 

moieties (Figure 4-3). This BODIPY scan confirms the presence of B-dUTP, however, it 

does not allow for an accurate determination of the length of the second block because 

the DP difference is less than 1% in all three cases, suggesting that the second poly(B-

dUTP) block is less than 50 nt. This means that our di-block copolymers are highly 

asymmetric, as expected. We then attempted to measure the fluorescence emission of 

BODIPY and Cy5 in solution to estimate the average number of appended B-dUTP per 

chain by a fluorescence microplate reader. However, the calculated average number of 

incorporated B-dUTP per chain is below 1. We suspect the measured BODIPY 

fluorescent signal is quenched due to the close proximity of BODIPY moieties to each 

other. We resolved the B-dUTP self-quenching issue by treating the amphiphiles with 

exonuclease I, which catalyzes the sequential removal of deoxynucleotides in the 3′ to 5′ 
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direction and releases the brightly fluorescent BODIPY-modified nucleotides into 

solution as shown in detail in Section 4.5. We determined their concentration by 

fluorescence measurements again, and calculated an average between 3 to 4 BODIPY 

moieties per chain (3.78 ± 0.04, 3.56 ± 0.02 and 3.13 ± 0.05 for pT1B, pT2B, and pT3B, 

respectively). As expected, the incorporation efficiency for the bulky B-dUTP is 

extremely low compared to that of the natural dNTPs, which is a consequence of the 

steric constraints imposed by B-dUTP on TdT’s catalytic activity, as discussed in 

Chapter 3. 

4.3 Self-assembly of highly asymmetric amphiphilic 
polynucleotides 

4.3.1 Star-like micelles 

The polynucleotide block comprising only of natural nucleotides (e.g., poly(dT)) 

acts as the hydrophilic block, and the hydrophobic segment appended to the 3’ terminus 

of the poly(dT) is composed of only BODIPY-dUTP. In aqueous solution, the 

hydrophilic poly(dT) blocks are hydrated and adopt an extended conformation. Above 

the critical micelle concentration of the amphiphiles, the hydrophobic BODIPY tails 

aggregate and form the micellar core. Because the length of hydrophobic block is far 

shorter than the hydrophilic block (i.e., NA >> NB), the resulting self-assembled structures 

are expected to be star-like micelles (according to scaling law theory and DPD 

simulation) with a small hydrophobic B-dUTP core and a hydrophilic poly(dT) corona, 

as shown in Scheme 4-3. 
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Scheme 4-3: Schematic, showing the self-assemble of highly asymmetric 

polyelectrolyte amphiphiles (i.e., poly(dT)-poly(B-dUTP)) into star-like micelles. 

Micelle formation was experimentally verified by AFM imaging and DLS. The 

AFM images (Figure 4-4) of the self-assembled micellar nanostructures show a clear 

distinction between a condensed core and a “hairy” corona. However, the diameters of 

the condensed cores are much larger than their heights. This, in part, is due to the 

spreading of the micelles on the mica substrate during drying and likely also reflects the 

tip broadening effect inherent to AFM. To better approximate the micelle core size, we 

determined the average heights (4.0 ± 1.3 nm, 4.7 ± 1.3 nm and 6.3 ± 1.9 nm, for pT1B, 

pT2B and pT3B, respectively) of the condensed cores from the height distributions 

(Figures 4-4 (b), (d), and (f)) obtained from the AFM images. We observed an 

approximately linear height increase of the condensed cores with increasing DP of the 

poly(dT) chains in the corona. This likely arises from the wrapping and aggregation of 

the corona arms around the hydrophobic micellar core. From the AFM images, we also 

estimated the aggregation number (mAFM), i.e., the number of amphiphiles forming a 
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micelle, by counting the number of arms emanating from the cores of the micelles. The 

data in Table 4-1 suggests that the aggregation number is essentially constant and 

independent of the length of the hydrophilic poly(dT) block varies, ranging between 4–5 

chains per micelle. This observation is supported by the predictions of the DPD 

simulations (collaboration with Prof. Yingling from NCSU), and is consistent with the 

scaling law theory for star-like micelles.123, 127 

 

Figure 4-4: AFM TappingMode height images of star-like micelles (pT1B, 

pT2B and pT3B), and the corresponding histograms of the measured micellar core 

heights. Inset: 3D images of typical micelles (scale bar: 50 nm XY). 
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Figure 4-5: AFM TappingMode height images of star like micelles (pT1B, pT2B 

and pT3B). These AFM images show the uniform size and distribution of our 

polynucleotide micelles over large scan areas. 

We determined the size of the micelles formed by the amphiphiles pT1B, pT2B, 

and pT3B by DLS in aqueous solution at high ionic strength (300 mM NaCl). The mean 

hydrodynamic radii (Rh) (Table 4-1) were obtained from multimodal fits of the 

autocorrelation data with a regularization model. The Rh of the unmodified poly(dT) 

increased from approximately 9 nm to 21 nm, corresponding to the increase of their DP 

from 0.5 to 1.2 kilo nt (Table 4-1). The Rh distributions of the micelles are shown in 

Figure 4-6 and are uniform and narrow, consistent with the narrow molecular weight 

distributions obtained by fluorescent gel electrophoresis. The mean Rh of the major 

peaks increases from about 33 nm to 57 nm and reflects the increase in corona thickness 

with increasing molecular weight of the poly(dT) chains in the micelles. The measured 

Rh values are, however, smaller than the overall size of the star-like micelles, due to the 

low segment density in the corona as illustrated in the AFM images shown in Figure 4-4. 
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As expected, the Rh of the micelles increases with decreasing ionic strength consistent 

with an increase in electrostatic repulsion between the corona chains. 

 

 

Figure 4-6: Rh plots from DLS measurements in 300 mM NaCl for amphiphilic 

polynucleotide samples (pT1B, pT2B and pT3B). The micellar Rh increased from pT1B 

to pT3B, corresponding to the increase in DP of the homo-polynucleotides in the 

corona.  

 

Table 4-1: Average hydrodynamic radii (Rh) and micellar core heights (Hcore) 

obtained from DLS measurements and AFM images, respectively. 

 Polynucleotides 
 

Micelles   

 Rh/ nm Intensity% Rh/ nm Intensity% Hcore/ nma) mAFMb) 

pT1 8.8±1.0 93.1±5.5 pT1B 32.9±0.8 96.7±2.0 4.0±1.3 3.7 

pT2 18.1±0.2 99.9±0.2 pT2B 45.9±1.5 95.1±2.7 4.7±1.3 4.7 

pT3 21.3±0.3 99.7±0.4 pT3B 56.6±0.4 98.4±0.6 6.3±1.9 4.2 

a) Hcore is the average micellar core height determined from AFM images; 

b) mAFM is the estimated aggregation number from AFM images. 

 

Furthermore, we determined the CMC of our polynucleotide amphiphiles from 

the maximum change in the concentration-dependence of the BODIPY fluorescence 

intensity measured in 300 mM NaCl solution by fluorescence spectroscopy. We used the 

Cy5 fluorescence, which does not quench with increasing concentration, as an indicator 

for concentration. The relative fluorescence intensities of BODIPY are plotted as a 
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function of the concentration of amphiphilic polynucleotides (pT1B, pT2B, and pT3B). 

The CMC for pT1B, pT2B, and pT3B are 0.50, 0.53, and 0.67 μM, respectively. Refer to 

Method Section 4.5 for experimental details.128 The increase in the hydrophilic 

polynucleotide chain length compared to the constant length of the hydrophobic tail can 

explain the slight increase in the CMC values with increasing poly(dT) length. 

 

Figure 4-7: BODIPY fluorescence intensity plotted as a function of the 

logarithm of polynucleotide amphiphile concentration (pT1B, pT2B and pT3B in 300 

mM NaCl). 

To compare the observed polynucleotide self-assembly behavior with theoretical 

predictions, we applied scaling law theory to study the self-assembly of our highly 

asymmetric amphiphiles, where NA >> NB, in the salt dominated regime, i.e., the charges 

are effectively screened. Scaling law theory predicts that the curvature of the core 

becomes apparent, and that the micellar structure is best described as a “spherical 

quasineutral brush”.123 In this regime, the aggregation number (m) scales with NB4/5, the 

corona thickness (RA) scales with NA3/5/NB4/25, and the core radius (RB) scales with NB3/5. In 

addition, our DPD simulations predict that the experimentally observed micelles should 

obey the scaling law theory since the lengths of the hydrophilic blocks used in the 

experiments all exceed 600 nucleotides. To compare the measured Rh with DPD 
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predictions, we plotted the Rh for micelles and unimers from DLS, and the micelle Rg 

from DPD simulations against the hydrophilic block length (NA) at a constant 

hydrophobic block length (NB = 4). Figure 4-8 shows that the micelle Rh (DLS) and Rg 

(DPD simulation) scaling closely follows the theoretical prediction with a power law 

exponent of 3/5. 

 

Figure 4-8: (a)-(b) Snapshots of equilibrium polynucleotide micelles from the 

DPD simulation trajectory, where yellow beads represent the hydrophobic core and 

blue beads represent the hydrophilic polynucleotides, NA = 500 (a), and NA = 900 (b). 

(c) Micelle Rg at fixed aggregation number (m = 5) from DPD simulations, and the Rh 

for micelles from DLS, plotted against hydrophilic block length (NA). The slope of the 

lines through the data points reflects the power in the scaling law relationships. NA 

reflects the estimated DP resulted from Cy5-poly(dT)x standards. 
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4.3.2 Crew-cut micelles 

To further explore the possible micellar nanostructures generated by our 

polynucleotide amphiphiles, we used TcEP to synthesis block polynucleotides with a 

relatively short, hydrophilic block. We appended multiple hydrophobic Fluorescein-

dUTP to a 50-mer macroinitiator (dT50). This block polynucleotide (pTF) consists of a 

hydrophilic T50 and a short hydrophobic fragment that contains about 4 hydrophobic 

Fluorescein-dUTP (i.e., NA = 50 and NB = 4). Based on our simulation results (See Figure 

4-1), at high ionic strength the amphiphilic pTFs form large micelles with aspherical 

cores; whereas at lower solvent ionic strengths, the pTFs form spherical micelles. 

To study the effect of ionic strength on the self-assembly, we defined a charge 

ratio λ, i.e., the ratio of charges along the polynucleotide backbones (cmp) to the 

monovalent salt concentration (cms). The charge ratio λ is a function of ionic strength, and 

is also an experimental analog to the aelec in our DPD simulations. We used AFM to study 

the micellar morphologies at different monovalent salt concentration (i.e., NaCl). Figure 

4-9 shows that while increasing ionic strength (i.e., λ decreases from 3.1 to 3.1E-3) leads 

to a decrease in overall micelle size from 28.5 to 22.5 nm, further increasing the ionic 

strength (λ = 6.1E-5) causes an increase in the overall micelle size. This is consistent with 

predications from DPD simulations. 
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Figure 4-9: (a)-(c) AFM tapping mode height images of spherical micelles and 

aggregates at three different charge ratios. The average diameters and heights of 

spherical micelles were determined from AFM height images. 

We used static light scattering (SLS) to measure the Rg of the micelles as a 

function of ionic strength. In Figure 4.10, we compare the salt-dependent changes in Rg 

obtained from SLS and DPD simulations. Our results reveal that an increase in solvent 

ionic strength creates two regimes for self-assembly of pTFs (vertical dashed line in 

Figure 4-10). The first regime occurs at high solvent ionic strength (λ = 6.1E−5), where 

the repulsion between the polyelectrolyte chains and adjacent micelles is strongly 

reduced due to charge screening effects. This allows for the formation of large micellar 

aggregates, in which a transition from spherical to cylindrical morphology can occur, 

consistent with theoretical predications.124 The second regime occurs at lower salt 

concentrations (λ ≥ 3.1E−3), where there still is significant Coulomb repulsion between 

the charged polyelectrolyte chains. Micelle formation in this regime is driven by the 



 

96 

interactions between electrostatic repulsion of charged blocks and association of 

hydrophobic blocks and results in homogeneously distributed, individual spherical 

micelles. At even lower ionic strengths (i.e., λ > 1E−2), the Rg moderately increases with 

decreasing salt concentration due to the increased electrostatic interactions between the 

negatively charged polyelectrolyte chains in the corona. This increase in Rg thus reflects 

the gradual stretching of the micellar corona induced by the decrease in the ionic 

strength.  

 

Figure 4-10: Radius of gyration (Rg) for pTF micelles measured from SLS (black 

squares) and from DPD simulations (blue triangles) plotted as a function of the 

charge ratio λ (bottom) and repulsive parameter app (top). The vertical dashed line 

indicates the predicted change in micellar morphology. 

Overall, our experimental results are in good agreement with the DPD 

simulations and with predications from scaling theory, applied to polyelectrolyte self-



 

97 

assembly. This agreement further suggests that the DPD methodology can be used as a 

powerful tool to guide our polynucleotide synthesis with the goal to generate specific 

micellar architectures. 

4.4 Conclusion 

Our two-step TcEP method allows for the facile synthesis of functionalized 

block-co-polynucleotide architectures. Versatile functionality of the block-co-

polynucleotide can arise either from a sequence-coded macro-initiator and/or the 

incorporation of unnatural nucleotides into the second block. If a hydrophobic moiety is 

incorporated in the second block, polynucleotides can self-assemble into micellar 

structures ranging from star-like to crew-cut morphology. We first demonstrated the 

synthesis of diblock copolynucleotides that contain a random copolymer of dTTPs and 

hydrophobic B-dUTPs, and found that the random distribution of hydrophobic moieties 

along the second block disrupts a consistent self-assembly. Then we successfully 

synthesized highly, asymmetric amphiphilic polynucleotides that only contain B-dUTPs 

moieties in the second block, which induce self-assemble into hairy, star-like micelles. 

Then, by reducing the length of the hydrophilic block, we tuned the amphiphilic 

polynucleotide to form crew-cut micelles. We systematically studied the self-assembly 

behavior of these two types of micelles by AFM and light scattering. Our experimental 

and DPD simulation results consistently agree with the scaling law theory for 

polyelectrolyte copolymers, which suggests that DPD simulations can provide valuable 
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information for the rational design of polynucleotides amphiphiles. Furthermore, we 

conclude that our TcEP synthesis toolbox has large potential for the synthesis of micellar 

nanostructures with different morphologies that can be useful for therapeutic 

applications in biomedicine. 

4.5 Methods 

Synthesis of di-block polynucleotides. (e.g., poly(dT)-poly(B-dUTP)) The 

concentration of purified homo-polynucleotides was determined from the Cy5 

fluorescence of the initiator using a Nanodrop fluorimeter (Thermo Scientific). The 

hydrophobic BODIPY-dUTP tail was appended to the hydrophilic poly(dT) block again 

by enzymatic polymerization using TdT, with a 10:1 excess of BODIPY-dUTP monomer. 

Here, the reaction mixtures consisted of 0.5 μM poly(dT), serving as the Cy5 labeled 

macroinitiator, 5 μM BODIPY-dUTP monomers and 100U of TdT in 100 μl of TdT buffer. 

Enzymatic polymerization was carried out overnight at 37 °C after which the reaction 

was terminated by heating at 70 °C for 10 min. The reaction products were again 

purified by centrifugal filtration. 

Synthesis of amphiphile dT50-fluorescein (pTF). The reaction mixtures 

consisted of 1 μM dT50 initiator, fluorescein-dUTP monomer (10 μM) and 800U of TdT 

in 1600 μl of TdT buffer. The TcEP reaction was carried out for overnight at 37ºC, after 

which the reaction was terminated by heating at 70 ºC for 10 min. The reaction products 

were purified by centrifugal ultrafiltration (Microcon YM-10 centrifugal filter device, 
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Millipore), followed with dialysis in Qilli-Q H2O (Thermo Scientific Slide-A-Layzer Mini 

Dialysis device, 2K MWCO) for two days, to remove unreacted monomers and salt 

compounds.  

Determination of the average number of BODIPY-dUTP per chain. The 

number of BODIPY moieties per polynucleotide chain was determined by BODIPY 

fluorescence measurements after enzymatic treatment with Exonuclease I (BioLabs). 

Exonuclease I catalyzes the removal of BODIPY-dUTP mononucleotides from 

polynucleotides in the 3’ to 5’ direction. This fragmentation into individual BODIPY-

dUTP nucleotides prevents BODIPY self-quenching, and thus allows for quantitative 

fluorescence measurements. Fluorescence measurements for the polynucleotide 

samples, and the Cy5 and BODIPY standard series, were carried out with a Victor3TM 

microplate reader (Perkin Elmer Life Sciences). While the Cy5 fluorescence is excited at 

650 nm and measured at 680 nm, the BODIPY fluorescence is excited at 485 nm and 

measured at 535 nm. The average amounts of BODIPY and Cy5 in the samples were 

determined by comparison to the fluorescence intensities of the standard curves. The 

average number of B-dUTP per polynucleotide chain was then calculated by taking the 

molar ratio of BODIPY to Cy5. 

Samples for AFM imaging were prepared by placing a drop of the sample 

solution (~0.5 μM polynucleotide amphiphiles in a mixture of 300 mM NaCl and 5 mM 

MgCl2) onto freshly cleaved mica surfaces. After 5 min incubation, the samples were 
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rinsed with Milli-Q H2O and then dried with N2. TappingMode AFM images were 

acquired under ambient conditions with a MultiMode AFM (Bruker), using 

TappingMode silicon cantilevers (kF = 40 N/m, fres = 311–357 kHz, Rtip < 10 nm, Bruker). 

Images obtained by AFM reflect the convolution of surface topography and also the 

shape and size of the scanning probe tip. While tip-broadening artifacts can affect the 

lateral resolution, the measured height values are not significantly affected. We thus 

choose to measure and analyze the center height of our micelles to estimate the 

(collapsed) core size. 

Dynamic Light Scattering (DynaPro, Wyatt Technology) experiments are 

carried out at 25 °C using a single detector at 90°. All samples were filtered through 0.2 

μm syringe filters (Anotop 10, Whatman) before measurements. The data was analyzed 

with a regularization fit (multimodal) provided by Wyatt Technology. 

The critical micelle concentration (CMC) for the polynucleotide amphiphiles is 

defined as the concentration above which amphiphilic polynucleotides assemble into 

micellar structures. Here we determine this concentration from the maximum change in 

the concentration-dependence of the BODIPY fluorescence intensity (Equation 4-1 and 4-

2). This approach is reasonable because the measured BODIPY fluorescence intensity is a 

linear function of the concentration of all the amphiphiles involved in the micellization 

process. 

(
𝑑3∅

𝑑𝐶𝑇
3)𝐶𝑇 = 0 , (4-1) 
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in which 𝐶𝑇 = 𝐶𝑀𝐶, 

and 

∅ = 𝐴[𝐶𝑠] + 𝐵[𝐶𝑚] . (4-2) 

where CT is the total polynucleotide amphiphile concentration, ∅ is the weighted 

BODIPY intensity arising from the concentration of single chains [Cs] and micelles [Cm], 

and A and B are proportionality constants. The measured data were first fit with 

polynomial functions, and the CMC was then determined by setting the 3rd derivative 

of the polynomial equal to zero.128 

Static light scattering (SLS) measurements were performed using the 

ALV/CGS-3 goniometer system (ALV, Langen, Germany). Samples were prepared by 

filtering solution through an Anotop 10 Watman 200 nm filter into a 10 mm disposable 

borosilicate glass tube (Fischer). The SLS measurements were performed over a range of 

angles (30° to 150°) at 5° increments. At each angular position, intensity data from five, 3 

s long, acquisition cycles were averaged. A Zimm plot was created by measuring the 

normalized intensity of scattered light at multiple scattering angles. After linear fitting 

of the equation the Rg,m was calculated from the slope. 

𝐾𝑐

𝑅
=

1

𝑀𝑊
(1 +

1

3
𝑞2𝑅𝑔

2) , (4-3) 

where MW is the weight-average molecular weight, R is the Rayleigh ratio, q is 

the scattering wave vector, c is the concentration of the sample, and K is the optical 

constant.
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5. Conclusions and future directions 

5.1 Conclusions 

The research in this dissertation explored a novel enzymatic polymerization 

reaction for the synthesis of high molecular weight polynucleotides, by exploiting the 

ability of template-independent terminal transferase (TdT) to polymerize natural and 

functionalized unnatural nucleotides (monomer) in the presence of a short 

oligonucleotide (initiator).  

We first studied the kinetics of TdT catalyzed enzymatic polymerization (TcEP) 

reactions by monitoring the conversion of the monomer with 1H NMR, and the degree of 

polymerization (DP) of the reaction products by fluorescent gel electrophoresis. Our 

kinetics analysis yielded a unique model by incorporating the enzyme deactivation 

property into a “living” chain-growth polycondensation model, which describes the 

progress of TcEP. Using simple fluorescent gel electrophoresis we were able to analyze 

the DPs of our reaction products and were able to study the reaction kinetics with 

varying concentrations of monomer, initiator and TdT. Similar to “living” 

polymerization reaction, the DP of the final reaction products depends on the starting 

molar ratio of the monomer and initiator, and the distribution of DP is determined by 

the starting ratio of TdT and initiator. 

We further explored TcEP’s ability to initiate the polymerization using different 

types of oligonucleotides (initiators) and polymerizing various natural and unnatural 
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nucleotides (monomer). We found that in order to achieve high molecular weight 

polynucleotides with narrow molecular weight distribution, the length of the initiator 

should be at least 10 nucleotides (nt), and the formation of secondary structures close to 

3’-terminus should be avoided. We also demonstrated the copolymerization of dTTP 

and its derivatives including hydrophobic fluorescent BODIPY-dUTP, fluoro modified 

5F-dUTP, and Fluorescein-dUTP nucleotides. 

Building on the “living” chain growth polycondensation mechanism and TdT’s 

ability to incorporate unnatural dNTPs, we invented a two-step TcEP approach to 

synthesize block-co-polynucleotide. In this approach the first block serves as a macro-

initiator and then additional dNTP, e.g., hydrophobic unnatural dNTPs, are appended 

onto this first block. This hydrophobic moieties, incorporated into the second block, can 

induce the self-assembly of amphiphilic polynucleotides into micellar structures, 

ranging from star-like to crew-cut morphologies. We systematically studied the self-

assembly behavior of these two types of micelles using AFM and light scattering. Our 

experimental results show excellent, qualitative agreement with the predictions from 

dissipative particle dynamics simulations as well as scaling law theory.  

In summary, the research in this dissertation not only advanced the design and 

synthesis of high molecular weight polynucleotides, but also enriched the realm of 

functionalized DNA materials with exciting and useful self-assembly properties. 

Ultimately, we hope that TcEP will advance the synthesis of multifunctional DNA 
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materials, and open up new directions for research as well as novel applications for this 

new class of polynucleotide polymers. 

5.2 Future directions 

TcEP offers an attractive approach for the synthesis of high MW polynucleotides 

and also provides a strategy to introduce chemical functionalities into the 

polynucleotides. As there is still much to explore with functionalized polynucleotides, a 

goal for this dissertation was to provide the basis to generate these polynucleotides, 

which will hopefully inspire future investigations on novel applications. We anticipate 

the applications arise from synthesis abilities associated with following three aspects: (i) 

the use of the molecular recognition ability inherent at the 5’-terminus of TcEP 

synthesized polynucleotides; (ii) the incorporation of additional unnatural nucleotides to 

expand the chemical diversity along the growing chain; and (iii) the production of 

engineered TdT using recombinant DNA technology.  

5.2.1 Exploring the 5’-terminus of TcEP synthesized polynucleotides 

Due to its inherent, template-independent manner, TdT lacks the precision 

necessary for sequence-controlled DNA synthesis. However, the use of a sequence 

encoded initiator enables us to alleviate this limitation to some extent by precisely 

controlling the sequence at the 5’-terminus. The ability to use this sequence information 

drives us to explore three possible areas: (i) PCR amplification for TcEP synthesized 
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polynucleotides; (ii) initiator hybridization to introduce functional moieties; and (iii) 

aptamer assembly for multivalent aptamer construction through A-T hybridization. 

Specifically, the initiator used in TcEP can also be used as a primer for 

downstream PCR reactions. As shown in Scheme 5-1 (a), poly(dT) and poly(dA) are 

separately synthesized from their initiators “primer 1” and “primer 2”, respectively. To 

generate a complete dsDNA template, annealing between poly(dT) and poly(dA) is 

required at the beginning of the PCR reaction. Then a regular PCR reaction can proceed 

to amplify this double stranded primer1-poly(A-T)-primer2 product. We have 

successfully amplified a poly(A-T) product and inserted it into a commercial plasmid 

(pMiniT, NEB). The sequencing results showed an intact sequence of “primer 1” and 

“primer 2” which validated our method. This post-PCR reaction exponentially amplifies 

our TcEP products, which can be applied to making natural/unnatural copolymers by 

substituting the natural nucleotide with its unnatural counterpart in the PCR reaction. 

This amplification step could be extremely helpful in reducing the cost for the synthesis 

of polymeric nucleic acid drugs (e.g., 5F-dUTP). Meanwhile, if a single stranded DNA is 

preferred for the downstream applications, an asymmetric PCR, in which one primer is 

used for a linear amplification, can be applied to amplify one strand.129 
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Scheme 5-1: Schematic of (a) the PCR amplification for TcEP synthesized 

polynucleotide; (b) the introduction of functionalized units through hybridization; 

and (c) the assembled multivalent aptamer. 

The sequenced initiator can also be used as a handle to introduce functional units 

through hybridization. These functional units include synthetic polymers, lipids, 

ligands, chemical reactive groups or a combination of any of the above (Scheme 5-1 (b)). 

We have already demonstrated that the hybridization between two initiators can be 

used to connect two TcEP products, to form tri-block polynucleotides. 

One exceptional property of TcEP is the facile synthesis of long, homopolymer 

tails (on the order of thousands of nucleotides) which can serve as a scaffold to 

accommodate other strands. In Scheme 5-1 (c), an aptamer is elongated by poly(dT) that 

enables the assembly of multiple aptamers along the poly(dT) tail via hybridization 

between A-T. The synthesis of a multivalent aptamer is driven by recent advances in 

aptamer technology for targeting therapeutics.21 It has been reported that polyvalent 

aptamers exhibit an increased target affinity and are more rapidly internalized by the 

target cells.26, 130 Here, TcEP provides an attractive approach to construct polyvalent 

aptamers by providing a long assembly strand backbone. 
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Ultimately, a combination of these three strategies may be beneficial to the 

development of advanced aptamers. The first step is an asymmetric PCR reaction to 

amplify the TcEP products, the next step is a hybridization used to introduce a synthetic 

polymer (e.g., PEG) to prevent nuclease degradation. Finally, different types of aptamers 

are assembled into a multivalent aptamer. 

5.2.2 Exploring the 3’-terminus of TcEP synthesized polynucleotides 

Beyond DNA’s molecular recognition capabilities, the functionality arising from 

the chemical diversity of natural and unnatural nucleotides is also of much interest. 

TcEP has enabled the incorporation of hydrophobic unnatural nucleotides along the 

growing chain in 5’-3’ direction. In preliminary studies we also showed that TcEP is able 

to incorporate a wide range of functionalized nucleotides including azide-dUTP, 

dibenzylcyclooctyl-dUTP (DBCO-dUTP), 2'-deoxythymidine-(α-thio)-triphosphate 

(dTTPαS), and 2'-deoxyadenosine-5'-(α-thio)-triphosphate (dATPαS). 

 Access to azide-/DBCO- groups opens up the space of “click chemistry” for 

covalently conjugating small molecules (e.g., chemotherapeutics) to a polynucleotide 

chain. Access to an α-thio-triphosphate group helps to improve nuclease resistance of 

the polynucleotide chains.  

As we discussed in Chapter 3, the presence of unnatural dNTP can hamper the 

efficiency of TcEP, and stunt the elongation of the polynucleotide chains. This raises the 

important question whether it is possible to maintain the DP of the polynucleotide while 
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at the same time increasing the amount of unnatural nucleotide. We speculate that the 

consecutive incorporation of two unnatural nucleotides along the chain severely 

impedes the polymerization due to the strong structural hindrance. As shown in Table 

5-1, under the reaction conditions: (i) fixed ratio of dNTP to unnatural dNTP and (ii) 

constant initiator concentration ([I]0), the increase in total monomer concentration ([M]0) 

from 10 to 200 increases the probability of two consecutive incorporation of unnatural 

nucleotides from 0 to 0.1061.   

Table 5-1: Theoretical probabilities of consecutive incorporation of unnatural 

dNTP.  

dNTP 9 45 90 180 

Unnatural dNTP 1 5 10 20 

[M]0 (fixed [I]0 = 1) 10 50 100 200 

DP 10 50 100 200 

The probability of the 1st 

nucleotide is unnatural 

1/9 = 

0.1111  

5/45 = 

0.1111 

10/90 = 

0.1111 

20/180 = 

0.1111 

The probability of both the 1st 

and the 2nd nucleotides are 

unnatural 

0 
4/44 = 

0.0909 

9/89 = 

0.1011 

19/179 = 

0.1061 

 

Thus, to maintain the low probability of consecutive incorporation of unnatural 

dNTPs and generate high DP of reaction products, we hypothesize that a sequential 

addition of unnatural nucleotides into the reaction mixture may improve the 

incorporation efficiency. Specifically, monomers are aliquoted and added into the 

reaction mixture in a stepwise fashion. As shown in Scheme 5-2, reaction 2 starts after 
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the completion of reaction 1. The reaction kinetics, as well as the concentrations of 

monomer (unnatural/natural dNTPs), initiator and TdT are critical for a sequential 

addition reaction. We suggest the concentration of each reagent should fulfill the 

following conditions: (1) the concentration of unnatural dNTP should not exceed the 

concentration of the initiator (i.e., one unnatural nucleotide per chain); (2) the 

concentration of natural nucleotide should be at least five times more than that of 

unnatural nucleotide (i.e., the variable a in Scheme 5-2 that determines the molar fraction 

of unnatural nucleotides); and (3) the concentration of TdT should be equal to or greater 

than that of the initiator to achieve an efficient initiation. In addition to the concentration 

conditions, the starting time for the next reaction is determined by the reaction kinetics 

which is largely dependent on the choice of monomer. A lower temperature can 

potentially help to slow down the reaction, and a microfluidic device may aid in the 

execution of these sequential addition reactions.  

 

Scheme 5-2: Schematic of the sequential addition of unnatural dNTP. 
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As discussed in Chapter 4, amphiphilic polynucleotides can form micellar 

structures. The morphologies of these micelles are governed by the block length, the 

distribution of the hydrophobic units, and ionic strength. With the ability to control the 

length and the amount of incorporated hydrophobes incorporated into the chain, a 

range of micellar morphologies (beyond spherical) should become accessible.This in 

turn holds a great promise for this work to be applied to drug delivery vehicles. 

5.2.3 Recombinant production of TdT 

As we discussed previously in this dissertation, there are abundant advantages 

for using TcEP for polynucleotide synthesis. However, due to the cost of TdT we are still 

practically bound to a small scale synthesis of polynucleotides (i.e., a typical reaction 

volume is 200 μl), which limits further exploration of TcEP for in vivo applications. The 

production of active, recombinant TdT in house would provide a cost-effective access for 

practical applications. 

Originally, TdT was purified from the calf thymus gland. Yet, the challenge was 

to obtain a homogenous TdT without proteolytic degradation.131, 132 Recently the 

development of recombinant DNA technology using E. coli or Baculovirus expressing 

systems has been employed to produce reliable TdT.133-136  

In addition to alleviate the cost limitation, recombinant DNA technology enables 

the manipulation of TdT on a molecular level. Specifically, the recombinant production 

of TdT could mutate the 3’-5’ exonuclease activity that the commercial bovine TdT 
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possesses. The polymerase activity of commercial bovine TdT dominates when excess 

monomer is present in the reaction mixture. Yet, in the absence of monomer, the 3’-5’ 

exonuclease activity causes degradation of the initiators. For sequential addition 

reactions, a small amount of monomers (M/I = a + 1, a ≥ 5) is used. The insufficient 

amount of monomer may lead to the degradation of initiator and will likely hamper the 

polymerization due to TdT’s exonuclease activity. Elimination of the exonuclease motif 

from the active bovine TdT by DNA recombinant technology should thus significantly 

improve the sequential addition reactions. 

The rationale behind the genetic modification of TdT rests on a recent finding 

that shows two splice variants of TdT exist in the murine system: a 509-amino acid 

TdT(Short) and a 529-amino acid TdT(Long),137 both of which share all domains that are 

essential to human TdT. However, only TdTL retains the exonuclease core motif (the 

extra 20 amino acids). Hence, we speculate that the bovine TdT possesses a separate 

motif for its exonuclease activity as well. We expect that the progress made in the 

Chilkoti group in expressing TdT in E. coli systems will further strengthen TcEP’s 

application for polynucleotide synthesis. 
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Appendix A 

Fluorescent gel electrophoresis for quantitative molecular 
weight analysis 

A.1 Brief overview of gel electrophoresis 

As we discussed in Chapter 1, DNA is a highly, negatively charged polymer. 

This polyelectrolyte property allows the use of gel electrophoresis—a straightforward 

technique to estimate DNA molecular weight. The rate at which DNA passes through 

the gel matrix when a certain electric field is applied, is a reflection of its molecular 

weight. This rate is defined as the electrophoretic mobility (μ) which is a function of the 

pore size of the matrix (gel), the size and charge of the DNA molecule, and the applied 

electric field. 

Based on the ratio of pore size to DNA size, several models exist to describe the 

relationship between the electrophoretic mobility (μ) and the molecular size, including 

extended Ogston sieving,138 biased reptation139 and entropic trapping.139, 140 However, 

there is no universal model that can describe the migration for DNA molecules of any 

size. Thus, different apparatus and gel matrices are employed for different sizes of DNA 

molecules. The accurate estimate of the size of DNA molecules requires the use of a 

known DNA standard in gel electrophoresis measurements. The usual practice in 

analyzing gel electrophoresis data is to use an empirical graphing method, in which the 

electrophoretic mobility is plotted as a function of the logarithm of the molecular size of 

the known standard.141  
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Taking into account the properties of our polynucleotide samples, we will focus 

on several aspects of DNA gel electrophoresis: (1) the choice of DNA gel matrix (agarose 

and polyacrylamide); (2) the visualization of DNA bands in the gel; and (3) the 

construction of Cy5-tagged homo-polynucleotide standards. Next we will introduce a 

quantitative analysis method to determine the molecular weight distribution of TdT 

catalyzed enzymatic polymerization synthesized polynucleotides. We attach the 

MATLAB code used in the analysis for the readers’ convenience in Appendix B.  

Most common polymer matrices in DNA gel electrophoresis include agarose, 

polyacrylamide, and polyacrylamide with a denaturing agent. Agarose forms a physical 

gel that is appropriate for separating DNA from 100 base pairs (bp) to tens of kilo bp, 

whereas polyacrylamide forms a covalently crosslinked gel that is more suitable for 

separating DNA of low molecular weight (i.e., less than 1000 bp, or 2000 nt). 

Polyacrylamide gels with denaturing agents can be used to analyze even smaller DNA 

molecules, down to a couple of nucleotides in length with single nucleotide resolution. 

These size criteria for the choices of different types of DNA gels apply also to our TcEP 

synthesized polynucleotides. 

Two common labeling methods exist for visualization of DNA samples in a gel 

matrix. Uniform DNA labeling is achieved with ethidium bromide (EtBr) or SYBR® dyes 

(method I); while specific DNA end-labeling is accomplished with fluorescent tags 

(method II). The fundamental difference between these two methods is that the signal 
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intensity of uniform labels (method I) is proportional to the total mass of the DNA 

sample, which in turn is a function of the molar amount and the sample size, whereas 

the signal intensity of end-labeling (method II) depends only on the molar amount of the 

sample regardless of its size.142 We use method II (i.e., fluorescent tag) to visualize TcEP 

synthesized polynucleotide samples in this dissertation for the following two reasons: 

(1) the fluorophore tagged onto each DNA molecule permits a quantitative measure of 

DNA concentration, in which the intensity of the fluorescent signal corresponds to the 

amount of the sample and is independent of its size, (2) naturally occurring, single 

stranded RNA or DNA molecules tend to form inter- or intra-chain secondary 

structures, allowing EtBr/SYBR® dye to intercalate and result in fluorescent signal. 

However, most of our TcEP synthesized polynucleotides are single stranded homo-

polymers that do not have secondary structures allowing for EtBr/SYBR® dye 

intercalation. Nevertheless, the SYBR® dye staining method can be used as an indicator 

for the formation of secondary structures present in our polynucleotide samples. 

A.2 Cy5 tagged homo-polynucleotide standards 

Given that gel electrophoresis evaluates the molecular weight (MW) of DNA by 

measuring its relative mobility, the choice of the standards becomes critical to accurately 

determine the MW of a sample. Since the polynucleotides synthesized by TcEP are 

single stranded DNA, we initially resorted to using single stranded RNA (ssRNA) 

standards as a proxy to approximately estimate the MW of our polynucleotide samples. 



 

115 

However, we found that the discrepancy inherent in the structural and chemical 

differences between ssRNA and homo-polynucleotide (e.g., poly(dT)) plays an 

important role in their electrophoretic mobility (μ), which results in a different MW 

estimations for TcEP synthesized polynucleotides. Therefore, we constructed a series of 

Cy5 tagged homo-polynucleotide standards that have the identical chemical 

composition as our samples. 

Specifically, as shown in Scheme A-1, a Cy5 tagged dT50 serves as a primer and, 

multiple oligomers (i.e., dT90) are concatenated onto the Cy5-dT50. The replacement of 

the phosphate group with a Cy5 tag on primer stops the ligase reaction at the 5’-

terminus of the primer, allowing a fixed increment length (i.e., 90 nt) for each product. 

The ligase products include a series of molecular weights of Cy5-dT50-(dT90)1, Cy5-

dT50-(dT90)2, Cy5-dT50-(dT90)3, …, Cy5-dT50-(dT90)n and side products (dT90)2, 

(dT90)3, … , (dT90)n. Due to the absence of secondary structure within homo-poly(dT)n, 

the side products without Cy5 tag can not be observed during the gel electrophoresis  
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Scheme A-1: Schematic showing the synthesis method of a Cy5 tagged homo-

poly(dT)x ladder, in which x equals the length of the primer plus the multiple 

oligomers.  

In addition to Cy5-dT50, we also investigated the effect of Cy5-dT10 and Cy5-

dT30 as primers on the ligase reaction. As shown in Figure A-1 (a), the Cy5 intensity of 

the ligase products increases as the length of the primer increases, indicating an increase 

in concatenation efficiency for longer primers. We thus selected Cy5-dT30 and Cy5-dT50 

as our primers to test the concatenation efficiency by varying the molar ratio between 

oligomer and primer. Surprisingly, we didn’t observe a significant difference in ligation 

efficiency for different molar ratios of oligomer and primer (oligomer/primer: 1, 5, 10 or 

100). Figure A-1 (b) shows two molar ratios (5 and 10) for Cy5-dT30 and Cy5-dT50, 

respectively. A typical reaction mixture of the ligase reaction consisted of 2μl (1 μM) 

primer, 2μl (10 μM) oligomer (dT90), 2μl (10 unit/μl) T4 ligase, 2μl (10 mM) ATP and 

25% (wt/vol) PEG 8000 in a T4 ligase buffer. 
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Figure A-1: Fluorescent gel electrophoresis of Cy5 tagged homo-

polynucleotide standards. (a) TBE-Urea PAGE gel (15%) of Cy5-poly(dT)x standards 

with three different primers, Cy5-dT10, Cy5-dT30 and Cy5-dT50, respectively. (b) TBE 

PAGE gel (5%) of Cy5-poly(dT)x standards with either start Cy5-dT30 or Cy5-dT50. 

The number listed on the bottom indicates the molar ratio of oligomer to primer (0, 5, 

and 10). (c) Agarose gel (2%) of Cy5-poly(dT)x standards and 2kb RNA standards. 

We also compared our Cy5-poly(dT)x standards to a commercial 2kb RNA 

ladder (Invitrogen, Life Technologies) under different gel conditions, including 

denaturing TBE-Urea PAGE (Figure A-1 (a)), TBE PAGE (Figure A-1 (b)) and agarose gel 

(Figure A-1 (c)). As discussed, the denaturing TBE-Urea PAGE gel is appropriate to 

separate small DNA fragments (below 500 nt), and it shows a good MW agreement 

between our Cy5-poly(dT)x standards and the 2kb RNA ladder. In Figure A-2 (a), the 

migrated distances of the 2kb RNA ladder meet the solid line of the standard curve 

established from Cy5-poly(dT)x standards. Although TBE PAGE (5%) allows for the 

separation of Cy5-poly(dT)x standards ranging from 50 to 770 nt, it loses the ability to 
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separate the 2kb RNA ladder due to the absence of a denaturing agent. As we 

mentioned above, the 2kb RNA ladder has the tendency to form secondary structures 

while its counterpart Cy5-poly(dT)x standards are naturally in a denatured state. 

Furthermore, the agarose gel shows excellent ability to separate large DNA fragments 

(from 100 to 2000 nt), however, the discrepancy between the Cy5-poly(dT)x standards 

and the 2kb RNA ladder becomes apparent when the length of polynucleotide exceeds 

300 nt (Figure A-2 (b)). This migration discrepancy is likely caused by the difference in 

frictional forces between the agarose and the running standard samples. 

 

Figure A-2: Migrated distances are plotted as a function of DP. (a) Denaturing 

TBE PAGE gel (15%) and (b) agarose gel (2%). Solid line in (a) reflects the established 

standard curve of Cy5-poly(dT)x standards. (R2 = 0.9992) 

In summary, to accurately estimate our TcEP synthesized products we 

successfully constructed a series of Cy5-tagged poly(dT)x standards that possess the 

same chemical identities as our samples. This Cy5-poly(dT)x standards have similar 

electrophoretic mobility as those of a 2kb RNA ladder when both standards are running 

under denaturing conditions. For agarose gels, there is a noticeable discrepancy between 

Cy5-poly(dT)x and 2kb RNA standards. Therefore, we used in most cases TBE PAGE 
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(5%) along with Cy5-poly(dT)x standards to determine the DPs of TcEP’s reaction 

products.  

A.3 Molecular weight distribution analysis 

All the gel images in this dissertation were acquired by a Typhoon 9410 scanner 

(GE Healthcare Life Sciences) with a 50 μm pixel size scan at 633 nm (Cy5) and 488 nm 

(BODIPY and SYBR Green II) laser excitation. The analysis was performed using ImageJ 

software (NIH) or MATLAB (2015b). To illustrate the MW distribution analysis, we use 

the gel image from Chapter 2 (Figure 2-3 (b)) as a demonstration. Specifically, the steps 

include: 

(1) Extracting the Cy5 fluorescent intensity from the gel image for each individual lane. 

A rectangular section (region of interest, ROI) is defined, covering the full length of the 

image in the migration direction, centered in a lane with at least 75% of the lane width 

(e.g., 0.4 cm). Then the Cy5 fluorescent intensity along the lane is plotted against the 

horizontal position on the gel using ImageJ. The well position (yellow dashed line in 

Scheme A-2) is identified from this plot and defines the starting point (i.e., 0 migrated 

distance), which allows the conversion of horizontal position into migrated distance. 
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Scheme A-2: Step (1), extracting the Cy5 fluorescent intensity from the gel 

image for each individual lane. 

(2) Establishing the relationship between migrated distance and DP based on the known 

Cy5-poly(dT)x standards. As described in step (1), the migrated distance of each standard 

is extracted and plotted against the corresponding DPs. We found that the 

electrophoretic mobility of Cy5-poly(dT)x standards correlates with DP empirically as μ 

= a/(DP + b), where a and b are fitting parameters. This correlation qualitatively agrees 

with the biased reptation model, μ ~ L-1, where L is the contour length.140 

 

Scheme A-3: Step (2), establishing the relationship between migrated distance 

and DP based on the known Cy5-poly(dT)x standards. 
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(3) Converting the migrated distance and the detected Cy5 intensity of sample into a DP-

relative Cy5 intensity curve. Using this established standard curve we then convert the 

migrated distance of the sample lane to its corresponding DP. At the same time we also 

convert the Cy5 intensity (arbitrary unit) to a relative percentage value (i.e., the sum of 

the Cy5 intensity value along the lane is set as 1 unit). This relative percentage value 

allows for direct calculation of the percentage of the residual initiator. 

 

Scheme A-4: Step (3), converting the migrated distance of the sample lane to its 

corresponding DP. Initiator residual peak is identified in the inset figure. 

(4) Background removal. We removed undesired background for the product peak 

by an established background correction algorithm developed by Vincent Mazet.143 In 

this approach the background is estimated by a polynomial fitting that minimizes a non-

quadratic cost function with an asymmetrical shape (only positive peak). We used the 

online available MATLAB code from the MathWorks to calculate the background 

baseline and then subtracted the baseline from the relative Cy5 intensity. 
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Scheme A-5: Step (4) for MW distribution analysis before (a) and after (b) 

background removal. 

 (5) Calculating the number and weight average DPs. Now the relative Cy5 intensity 

of the sample, representing the molar concentration of each fragment, is plotted as a 

function of DP. The number average (DP)n and weight average (DP)w are calculated 

from equations: 

𝐷𝑃𝑛̅̅ ̅̅ ̅ = ∑𝑥𝑖𝐷𝑃𝑖 = ∑𝑁𝑖𝐷𝑃𝑖/∑𝑁𝑖 , (A-1) 

and  

𝐷𝑃𝑤̅̅ ̅̅ ̅̅ = ∑𝑤𝑖𝐷𝑃 = ∑𝑁𝑖(𝐷𝑃𝑖)
2/∑𝑁𝑖𝐷𝑃𝑖 . (A-2) 

Here xi and wi are the molar fraction and weight fraction of molecules of DPi, 

respectively. In practice we used MATLAB’s Spline function to fit this relative Cy5 

intensity-DP curve to minimize the error caused by a discrete numerical solution. For 

this, we calculated the (DP)n and (DP)w by integrating the Spline function (f(x)) using 

MATLAB. Specifically, the integrals of f(x), xf(x) and xxf(x) represent ∑Ni, ∑DPiNi, and 

∑DPiDPiNi, respectively (See Appendix B for the algorithm). Note: as we discussed in 
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the DNA visualization section, only the fluorescent end-labeling method can be used for 

this quantitative analysis of the molecular weight distribution. If the DNA sample is 

visualized by EtBr or SYBR® dyes, other mathematical models need to be employed to 

analyze the number and weight average DPs.  
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Appendix B 

MATLAB Code 

Spline function 

MolecularWeight1=VarName1; %data input 

Intensity1=VarName2; %data input 

minx1=MolecularWeight1(1,1); %minimum molecular weight 

maxx1=MolecularWeight1(end); % maximum molecular weight 

w1=minx1:.01:maxx1; %define the step size 

z1=spline(MolecularWeight1,Intensity1,w1); 

x1=transpose(w1); % x-value of Spline function, representing molecular weight  

y1=transpose(z1); % y-value of Spline function, representing Cy5 intensity 

figure(1);plot(x1,y1,MolecularWeight1,Intensity1,'o') 

Intfx1=trapz(x1,y1); % integrates y1 with spacing increment x1 

xfx1=times(x1,y1); % Cy5 intensity times its corresponding molecular weight  

Intxfx1=trapz(x1,xfx1);% integrates xfx1 with spacing increment x1 

Mn1=Intxfx1/Intfx1; %calculates Mn 

xxfx1=times(x1,xfx1); 

Intxxfx1=trapz(x1,xxfx1); 

Mw1=Intxxfx1/Intxfx1; %calculates Mw 

Ans1=[Mn1 Mw1]; 
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Appendix C 

Derivation of equation (2-12) 

Equation 2-12 (Model III) is derived as follows: 

𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝𝐾1𝐾2[𝐸][𝑃

′][𝑀] , (2-8) 

𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝𝐾1𝐾2[𝑃

′][𝑀]([𝐸]0 − 𝛼𝛥[𝑀]), (2-8’) 

𝑑[𝑀]

𝑑[𝑡]
= −𝑘𝑝𝐾1𝐾2[𝑃

′][𝑀]([𝐸]0 − 𝛼([𝑀]0 − [𝑀])) , (C-1) 

Then, we rewrite the equation C-1,  

𝑑[𝑀]

𝑑[𝑡]
= −𝐴 [𝑀](𝐵 + 𝛼[𝑀]) , in which, (C-2) 

𝐴 = −𝑘𝑝𝐾1𝐾2[𝑃
′] , and   𝐵 = [𝐸]0 − 𝛼[𝑀]0 .  

After integration, we then obtain,  

[𝑀]𝑡 =
𝐵𝑒𝑥𝑝(𝐵𝐶1)

exp(𝐴𝐵𝑡)−𝛼exp(𝐵𝐶1)
 , (C-3) 

in which C1 is the constant. When t = 0, [M]t = [M]0, we calculate exp(BC1). 

exp(𝐵𝐶1) =
1

𝐵

[𝑀]0
+𝛼

=
[𝑀]0

𝐵+𝛼[𝑀]0
=

[𝑀]0

[𝐸]0
, then (C-4) 

[𝑀]𝑡 =
[𝑀]0(1−𝛼

[𝑀]0
[𝐸]0

)

exp(𝑘𝑝𝐾1𝐾2[𝑃
′]([𝐸]0−𝛼 [𝑀]0)𝑡)−𝛼

[𝑀]0
[𝐸]0

 . 
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