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ABSTRACT OF THE DISSERTATION 

Synthesis and Use of Single-Walled Carbon Nanotube Transistors for Single-Molecule Studies 

of DNA Polymerase I 

By 

O. Tolga Gul 

Doctor of Philosophy in Physics 

University of California, Irvine, 2014 

Professor Philip G. Collins, Chair 

 

The first half of this dissertation is focused on the synthesis of high quality single-walled carbon 

nanotubes (SWCNTs). The project goal was to improve SWCNT yields by tuning different 

growth conditions. Improvements in catalyst activity were observed with an H2O2 surface 

treatment and by tuning the hydrogen reduction time of the catalysts. In addition, a water-

assisted chemical vapor deposition (CVD) was developed that used dry feedstocks with a small, 

controlled quantity of molecular oxygen. In this process, reactions between oxygen and hydrogen 

in the reaction zone provided precise water concentrations at the point of synthesis and short 

time constants. This water vapor dramatically increased SWCNT yield, but the added oxygen 

also changed the resulting SWCNT diameter distribution. SWCNTs were synthesized with a 

mean diameter of 0.7 nm and a narrow diameter distribution from 0.5 to 1.0 nm. Improvement in  

yield reached the limit where each particle resulted in one SWCNT. This allowed the catalyst 

concentration to be reduced by 102 to 103, greatly reducing catalyst contamination. 

In the second half of this dissertation, SWCNT field effect transistors (FETs) were used as 

single-molecule biosensors to investigate DNA polymerase I. DNA polymerases are critical 

enzymes for DNA replication, and because of their complex catalytic cycle they are excellent 
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targets for investigation by single-molecule experimental techniques. The Klenow fragment (KF) 

of DNA polymerase I was studied by attaching single KF molecules to sensitive SWCNT FETs. 

Using these devices, this work investigated two aspects of KF activity. First, the kinetics of 

native dNTPs were compared to analog dNTPs. Analogs like α-thio-dNTP, 2-thio-dTTP, 2-thio-

dCTP, and 6-chloro-dGTP each proved that analogs had almost no effect on the duration of KF’s 

closed conformation, the portion of the catalytic cycle during which a dNTP is incorporated. 

Instead, the entire effect of these analogs was to change the duration of the open conformation. 

The thiolated and chlorinated analogs appeared to interfere with KF's recognition and binding, 

two key steps that determine ensemble turnover rates. Second, KF devices were probed with 

small concentrations (<10 nM) of template to investigate KF’s variability in processing single 

template molecules. Base pair counting demonstrated that the SWCNT FET could read template 

lengths with an accuracy <1 base and easily distinguish different template lengths. 
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Chapter 1 
 

Motivation and Introduction 
 

1.1 SWCNT Synthesis Yield 

 
Single-walled carbon nanotubes (SWCNTs) are one carbon atom thick, hollow, cylindrical 

structures that provide various properties for many potential applications such as electronics, 

optics, and material science [1,33]. The unique structure of being all surface atoms makes 

SWCNTs remarkable candidates for chemical and biomolecule sensing applications [2,3,4,34, 

40]. As electron transport is constrained to the sidewall, molecules linked to SWCNTs can 

generate measurable electrical signals. As a molecule interacts with the surrounding 

environment, it can generate real-time, high resolution signals [5,6,7]. 

The success of single molecule biosensing experiments, however, depends on low electronic 

noise in the SWCNT. Noise is a major issue for SWCNT experiments, and this research project 

was designed to test one method of reducing noise. 
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 SWCNTs in this project were synthesized using small, metal, catalyst nanoclusters deposited on 

a SiO2 substrate. If SWCNT synthesis is not optimized, a low yield leaves thousands of inactive 

catalyst particles on the substrate surrounding each successful SWCNT. This catalyst 

contamination could generate electrical noise [8]. The hypothesis of this project was that excess 

catalyst particles near SWCNTs might result in higher noise levels, and that biosensing 

measurements could be improved by solving this contamination problem. This project pursued 

various methods of increasing the SWCNT yield and removing catalyst contamination.  

If successful, the reduced contamination could have multiple positive effects. In addition to 

reducing device noise, the cleaner substrates also make it easier to image SWCNTs and single 

attached molecules. The cleaner substrates are also more chemically inert. Catalyst particles can 

promote chemical reactions and initiate SWCNT oxidation. Even when the catalyst is not visible 

in the images, its presence on the surface can stop the research if it creates extra noise or 

oxidation problems. 

 

 

1.2 DNA and DNA Polymerase I 

 
For the second half of this dissertation, single molecule devices were built to study a particular 

enzyme, DNA polymerase I. The rest of this chapter gives a brief introduction to DNA and DNA 

polymerase I.  

In all types of life forms, genetic information is carried by Deoxyribonucleic acid (DNA). DNA 

is a polymer that consists of monomers, called nucleotides. There are four nucleotides naturally 

occurring in DNA and each one consists of a nitrogenous base (adenine, guanine, thymine, or 
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cytosine), a deoxyribose (sugar), and a phosphate. The four nucleotides are categorized into two 

groups according to their nitrogenous base, purines and pyrimidines. Purines, adenine and 

guanine, differ from pyrimidines, thymine and cytosine, by an additional five membered planer 

ring in the nitrogenous base. The deoxyribose, a sugar consisting of a five membered, non planar 

ring, is covalently attached to the nitrogenous base. These covalently linked formations are 

called deoxynucleosides (deoxyadenosine, deoxyguanosine, deoxythymidine, or deoxycytidine). 

Attachment of deoxynucleosides to phosphate group at their 5' hydroxyl (OH) functionality 

builds nucleotides in a process named phosphorylation (Figure 1.1). 

 

 

Figure 1.1: Nucleotides in DNA. Numbers in red indicates atoms within the nitrogenous bases. 
Atoms within deoxyribose are labeled in blue. 
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In chain formation, two nucleotides covalently link together through a phosphodiester bond to 

form the backbone of DNA. (Figure 1.2). A phosphodiester bond is formed between the 3'-OH of 

a nucleotide and the 5' phosphate group of another nucleotide. In the same way, more nucleotides 

covalently linked to the free 3'-OH groups to extend chain. Therefore, in a chain, there will be 

one terminus with a free 5'-OH group and another with a free 3'-OH group. These two termini 

determine the direction of single-stranded DNA. Synthesis of DNA strands always occur in the 

5'→3' direction.  

 

 

Figure 1.2: A phosphodiester bond formation. The 3'-OH of a nucleotide makes a covalent bond 
with the 5' phosphate of another nucleotide. After bond formation, free 5' end is shown in blue 
and free 3' end is shown in red. 
 

Double-stranded DNA is formed via electrostatic interaction of two single-stranded DNAs 

(Figure 1.3). Electrostatic interaction between two single-stranded DNAs is induced by 

- 

- 
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complementary base paring of certain nitrogenous bases. Base pairing is a non-covalent 

interaction between purines and pyrimidines via hydrogen bonds. Because of the different 

chemical structures of nitrogenous bases, adenine base pairs with thymine and guanine base pairs 

with cytosine. Adenine and thymine base pairs form two hydrogen bonds while guanine and 

cytosine base pairs form three hydrogen bonds.  

 

 
Figure 1.3: Formation of double-stranded DNA. (a) In DNA double helix, the adenine/thymine 
base pairs are shown orange/green and the guanine/cytosine base pairs are shown blue/purple. 
Sugars are in yellow, phosphates are in blue or light purple. Base pairings (a) between adenine 
and thymine, (c) between guanine and cytosine are shown with dashed line depicting hydrogen 
bonds. 
 

Double-stranded DNA is synthesized in a process called DNA replication by a class of enzymes 

called DNA polymerases. DNA polymerases are categorized into 7 families (A, B, C, X, Y, Z, 

and RT) based on their sequence homology [9]. Polymerases from polA family are widely used 

in molecular biology because of their moderate size and availability. DNA Polymerase I used in 

a) b) 

c) 
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this dissertation is a member of the polA family and consists of T7 DNA polymerase (isolated 

from T7 bacteriophage), Taq polymerase (isolated from Thermus aquaticus), and DNA 

Polymerase I (isolated from E. coli). 

DNA polymerase I cannot initiate the synthesis of double-stranded DNA, but it can attach to a 

partially-hybridized strand. Thus, this work used, single-stranded DNA templates that included a 

short segment of double-stranded DNA, or "primer". After attaching to the primer region, DNA 

polymerase I translocated to the single-stranded region of the template and then began 

synthesizing double-stranded DNA in the 5' → 3' direction by nucleotide incorporation (Figure 

1.4).  

 

 

 

Figure 1.4: DNA synthesis by DNA Polymerase I. Synthesis of new template is in the 5' → 3' 
direction as indicated with red arrow.  
 

DNA Polymerase I consists of three domains: a DNA template binding domain (thumb), a dNTP 

binding domain (fingers), and a catalytic domain (palm).A primer-hybridized single-stranded 

3'-OH 

5'-OH 
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DNA template molecule binds to DNA Polymerase I in the DNA template binding domain. The 

complementary dNTP is selected based on the sequence of the single-stranded DNA template 

and binds the dNTP binding domain. Then, the fingers domain closes with a ~10 Å 

conformational change to initiate incorporation [10]. The mechanism between molecular 

recognition of the correct nucleotide and fingers motion remains an unsolved question [11].  

 

 

Figure 1.5: The crystal structure of DNA polymerase I. (a) Open conformation of DNA 
polymerase I is shown with the DNA binding domain (thumb) (orange), the catalytic domain 
(green), the dNTP binding domain (fingers) (blue), and the editing domain (grey). (b) Once the 
correct dNTP is selected (yellow), the fingers domain closes with a 10 Å movement. The open 
conformation of the fingers domain is shown in dark blue and the closed conformation is shown 
in light blue. 
 

 

a) b) 
48 Å 

38 Å 
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1.2.1 The Klenow Fragment of DNA Polymerase I  

 
The Klenow fragment of Polymerase I (KF) contains the polymerization domain and the 3' → 5' 

exonuclease domain (residues 324-928) (Figure 1.4). D355A and E357A mutations of KF have 

only polymerase activity with no 3' → 5' exonuclease activity. The variant of these two 

mutations is called KF (3' → 5' exo) [12]. Optimal operation temperature of KF (3' → 5'exo) is 

25 °C. 

The biosensing experiments in this work attached KF to SWCNTs using a surface cysteine 

amino acid of the protein. The wild-type KF (3' → 5'exo) contains one native cysteine at position 

907. To test additional attachment orientations, two more single-cysteine variants of KF were 

engineered. The engineered single-cysteine variants had a C907S mutation to remove the native 

cysteine, and then a new cysteine was added at either the N-terminus or position 790 in the 

amino acid sequence (Figure 1.6). 

All of the data in this dissertation describes experiments that used the 790C attachment site. The 

full name of this variant is the Klenow fragment (3' → 5'exo) of DNA polymerase I 

C907S/L790C. Throughout the work, this variant is abbreviated as KF. 
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Figure 1.6: Single-cysteine variants of KF. Selected positions for attachment are shown in red. 
The DNA template binding domain is shown in orange, the dNTP binding domain is shown in 
blue, the catalytic domain is shown in green, and the editing domain is shown in grey. 
 

 

 

 

 

 

 

 

 

 

 

Position 790 

Position 907 
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Chapter 2 
 

Experimental Methods of SWCNT Synthesis 
 
Sample preparation and a reliable experimental setup are most important needs for precise 

control of SWCNT synthesis. Reliable fabrication of single-SWCNT devices requires 

reproducible SWCNT synthesis. The following two sections review uniform sample preparation 

for SWCNT synthesis and structure and properties of the CVD furnace used in the Collins Lab 

for SWCNT synthesis. 

 

 

2.1 Sample Preparation 
 
Steps of the sample preparation for SWCNT synthesis included thermal and chemical cleaning of 

the sample, surface improvement, catalyst deposition and oxidation. This section describes each 

of those steps. The substrates used for SWCNT synthesis were 4" Si wafers (typically, obtained 

from Silicon Quest International or a similar supplier). The wafers were polished with a <100> 

orientation and doped with boron, making them p-type with resistivity of 1-10 ohm-cm. The 
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wafers had 2500-5000Å insulating oxide layer grown on one side to provides an insulating 

dielectric under the SWCNTs. For experiments that required a back gate, a Ti metal film was 

deposited on the back of the wafers using electron-beam evaporation. 

 

 

2.1.1 Sample Cleaning and Surface Improvement 
 

To enhance efficiency and reproducibility of the SWCNT growth, sample cleaning and 

improving the SiO2 surface quality for catalyst deposition were necessary steps. Immediately 

before catalyst depostion, Si wafers were heated in air atmosphere in a box furnace (Barnstead 

Thermolyne) at 700oC for 10 min. This heating removed organic and hydrocarbon contaminants 

from the surface (Figure 2.1). As an additional chemical cleaning, wafers were soaked in 

hydrogen peroxide solution for 15 min and then dried with nitrogen. The hydrogen peroxide 

treatment substantially improved the activity of the catalyst for growing SWCNTs, as will be 

discussed in Chapter 4. 

 

                                        

                           Figure 2.1: Thermal wafer cleaning in the box furnace at 700oC. 
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2.1.2 Catalyst Deposition and Oxidation 
 

CNTs synthesized by CVD typically grow from catalytic nano particles [12]. Catalysts are 

generally chosen among transition metals or some alloys of them [13,14,15]. CNTs' size and 

qualities strongly depend on the catalyst types used for the synthesis, so the selection of an 

appropriate catalyst is an important step [16]. 

 The catalyst used in the Collins lab is based upon an FexMoy Keggin-type cluster with a formula 

[HxPMo12O40 ⊂ H4MoVI72FeIII30(CH3COO)15O254(H2O)98] ⋅ 60H2O [17]. This molecule 

consists of two main parts; a spherical icosahedral cluster cage and a tetrahedral reduced Keggin 

ion inside the cage as nucleus shown in Figure 2.2. The Keggin is highly soluble in water or 

ethanol and batches can be prepared and stored for more than 1 year without losing catalytic 

activity. 

 

                                                    
 
                                                       Figure 2.2: FexMoy oxide based catalyst. 
 

For SWCNT growth, the desired catalyst concentration was deposited onto the Si wafers. From a 

saturated solution of catalyst in ethanol, an aliquot was diluted by a factor of 100 to 1000. 0.5 
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mL of the diluted solution was then deposited onto the Si wafer using a programmable spin 

coater. At high speeds, the catalyst solution spins off the wafer without depositing, so the spin 

coater was programmed to first spread the solution at high speed, getting rid of excessive catalyst 

solution, and then slow to only 100 rpm so that the ethanol could slowly evaporate. 

After deposition, the catalyst-coated wafer was oxidized in air in the box furnace at 700oC. This 

oxidation burned away the stabilizing organic ligands and collapsed the Keggin into an FeMo 

nanoparticle about 1.2 nm in diameter, as shown in Figure 2.3 [14,17]. One advantage of this 

catalyst is that particles could be prepared on a wafer surface over a wide range of dilutions, 

followed by oxidative activation. Free space between catalyst particles prevented the catalyst 

particles from aggregating and forming clusters, and this helped provide a uniform particle size 

for nucleating SWCNT growth. 

 

                                                              
 
                                                              Figure 2.3: Oxidized catalyst 
 

Typical SWCNT devices were fabricated using lithography on 4" wafers. However, development 

of SWCNT synthesis recipes required many identical samples that could used to compare growth 

under various conditions. For development purpose, a catalyst-coated Si wafer was diced into 

1cm2 chips using a diamond pen as shown in Figure 2.4. Wafer-scale preparation ensured that 

each chip had the same treatment and catalyst concentration, making different chips good 

candidates for directly comparing CVD growth conditions. 
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                               Figure 2.4: A whole wafer diced into 1cm2 chips for CVD growth. 
 

 

2.2 CVD Growth 

 
2.2.1 CVD system 

 

CVD growth system in the Collins Lab consists of three main parts: a six inch, three zone, quartz 

tube furnace; a gas control box that includes flow meters and flow controllers; and a computer 

with a custom-built LabVIEW program that controls gas flow rates and durations (Figure 2.5). In 

addition to the flow controllers, the system measures water vapor in the furnace via two humidity 

sensors in the exhaust line. Figure 2.6 shows an overview of how these components are 

assembled. 



15 
 

   

 
 
Figure 2.5: CVD growth system in Collins Lab. a) Six inch three zone quartz tube furnace. b) 
Temperature controller that controls three zones at set temperature. c) Gas control box and the 
computer maintaining the system. d) Cylinder gas tanks (Argon, Hydrogen, Methane, and 
Oxygen)  
 

 

 
 
                                       Figure 2.6: Overview of the experimental apparatus. 

d) c) 

b) a) 
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Gases from cylinder tanks are purified by desiccants before reaching the gas control box. Gas 

flow rates are adjusted by flow controllers before being combined into a solenoid valve and sent 

into the furnace. Flow settings are maintained by a LabVIEW program that allows users to 

change the gas flow rates, duration and flow direction. Figure 2.7 shows the interface of the 

LabVIEW program for a typical growth recipe. In addition, growth recipes used in this work are 

found in appendix A. 

 

 

Figure 2.7: User interface of the LabVIEW CVD program, showing a growth recipe having six 
steps of different flow rates and durations. 
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The CVD system includes a six-inch, three zone, quartz tube furnace maintained at a constant 

temperature of 940 oC (Figure 2.5 a). An entry flange allows samples to be placed into a room 

temperature region of the quartz tube. After adding a sample, the flange was closed and the entire 

tube was purged with inert gas (e.g. Ar at 4000 sccm for 8 min.). Next, the sample can be 

manipulated into the hot zone using a 1/8" stainless rod inserted through the flange using an 0-

ring seal. After the growth, the sample can be retrieved back to the cold zone for cooling and 

removal from the furnace. The flange and manipulator rod increase the reproducibility of 

consecutive growth runs and allow many different CVD runs to be performed without warm-up 

or cool-down delays.  

 

 

2.2.2 SWCNT Synthesis 
 

After, purging the furnace with Ar and putting the sample into the growth region, SWCNTs can 

be synthesized. The first step in the synthesis was to reduce the FeMo nanoparticles in H2 (500 

sccm for 3 min.). SWCNTs cannot grow from the oxidized FeMo nanoparticles, so the H2 

reduction step plays an important role in SWCNT growth. Longer reduction times coarsens the 

nanoparticles, but 3 minutes proves to be an optimum duration (Chapter 4). After activating the 

catalysts with H2, SWCNTs grow in the presence of most carbon sources. This research used 

methane (1000 sccm CH4 added to reducing environment of 5 min.) [A1]. During this growth 

period, the CH4 decomposes on the catalyst particles into carbon and hydrogen gas. Carbon 

atoms diffuse on the catalysts surface and encapsulate the particle under non-optimum conditions 

[18,19]. When the carbon flow and H2 concentration are optimum, SWCNTs nucleate and grow 

out from the catalyst particle and the particle stays active. Under those conditions, SWCNTs can 
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grow until the catalysts becomes covered by excessive carbon. This coverage may be either 

amorphous or crystalline, but as it blocks access to the catalytic surface it turns off synthesis.  
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Chapter 3 
 

Position Dependence of Growth Variations in 
CVD Furnace 
 
The focus of this portion of the research project was to investigate why growth yield changed 

when the samples were placed at different locations in the CVD furnace. In this study, 

experimental results were compared with results from a computer modeling and simulation 

program (COMSOL MultiPhysics). The comparison helped to explain variations in growth in 

terms of fluid dynamics of the CVD gases. 

 

 

3.1 Experimental Results 

 
CVD growth of CNTs has been widely documented as difficult to reproduce, especially when 

using CH4 as the carbon source [70]. In a carefully controlled study, we found that different 

positions in the CVD furnace caused variations of the SWCNT growth yield. To document this 

effect, a set of growth experiments were carried out changing the location of the sample holder. 
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The sample holder was placed in one of three different locations, called L1, L2, L3, starting at 

the end of the hot zone of the furnace. The locations were apart from each other by 11 cm. Three 

growth runs were performed in each location keeping all other growth parameters constant, 

including the gas flow rates, durations, and water levels. Figure 3.1 depicts the experiment and 

the three positions used. Another position beyond L3, close to cold zone of the furnace, was not 

tested since temperature gradient may interfere SWCNT yield. 

 

 

Figure 3.1: Average SWCNT yield at three positions in the CVD furnace. Yields underneath the 
sample holders are given by number of SWCNTs grown per 100 μm2.  
 

After the CVD run, SWCNTs were counted. Results for each location are shown in Figure 3.1 

underneath the representation of the sample holder. The values revealed that different positions 

in the furnace produced reproducible variations in yield. Increase in growth yield was most 
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  L1 
11 cm 

  L2 
11 cm 

  L3 
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(1200K) 

Gas Inlet 

Gas Inlet 

Gas Inlet 
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distinguishable when the sample was placed far from the gas inlet. There was a factor of five 

difference in SWCNT yield between the position L3 and L1. 

The sensitivity to position was surprising because the flow of gases in the furnace was believed 

to be highly laminar. In fluidic mechanics, flow type is determined by the Reynolds number, a 

dimensionless quantity given by: 

Re = ρvDH
µ

.                                                                                                                         (3.1) 

In this equation, ρ is the density, v is the mean velocity,  µ is the dynamic viscosity of the fluid. 

The variable DH is the hydraulic diameter of the fluid which is equivalent to diameter for flow 

inside a circular tube. For this CVD furnace under typical growth conditions, ρ=0.3 kg/m3, 

v=2.5x10−2 m s⁄ , (0.115 m), µ=8x10−5 kg m ∙ s⁄ , and DH=0.115 m leading to a Reynolds 

number Re=10.8. In general, Reynolds numbers bigger than 4000 cause turbulent flow and 

numbers smaller than 2300 give laminar flow. Compared to these benchmarks, our Reynolds 

number of 10 is considered very small, suggesting that the flow in the furnace is well within the 

laminar regime. However, the results shown in Figure 3.1 and 3.2 were not consistent with 

simple laminar flow. It is very difficult to directly measure flows inside the furnace, so instead 

we built a physical model of the process. 

Next, the experiment was repeated using two and three sample holders in all possible 

combinations of the positions L1, L2, and L3 as shown in Figure 3.2. 
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Figure 3.2: Average SWCNT yield at three positions in the CVD furnace, using different 
combinations of additional sample holders. 
 

The results showed that the growth highly depended on the presence of other sample holders in 

the furnace. For example, the growth at position L2 went up by 50% when an extra sample 

holder was present at position L1. On the other hand, the growth at position L2 was not affected 

by an additional sample holder placed at position L3. In general, the yield increased at a position 

when it was preceded by an extra sample holder, though the data in Figure 3.2 shows examples 

and counter-examples of this rule. Without determining the precise nature of cause and effect, it 

was proven that yield could vary by a factor of 10 between the best and worst cases. 
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3.2 Modeling and Simulation of the CVD Furnace 

 
COMSOL MultiPhysics is a finite element solver and simulator software that solves the 

differential equations for a particular geometry and boundary conditions.  

A COMSOL MultiPhysics model of the CVD furnace was constructed using the build-in module 

for Non-Isothermal Flow. The Non-Isothermal Flow module combines equations for laminar 

flow and heat transfer. Laminar flow is governed by Navier-Stokes Equations 

( ) 0=⋅∇+
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and                                                                                                                                    3.2 
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Heat transfer is governed by the heat equation 
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Using the Heat transfer model ensured that the temperature gradient at the ends of the CVD 

furnace would be included in the model. This model did not attempt to include chemical 

reactions between the gases. 

The CVD furnace was modeled as a pure Ar gas contained within a quartz cylinder with radius r 

and length l. Figure 3.3 shows the geometry of the model and Table 3.1 and 3.2 list the different 

parameters used. An outlet with radius rout and an inlet with radius rin were added to ends. A flow 

rate boundary condition was specified for the inlet and outlet, but otherwise all of the other 

surfaces were defined to be no-slip boundaries (Table 3.2). Cold and hot zones were defined by 

splitting the cylinder into regions with different boundary conditions. Sample holders that hold 

silicon chips were represented by quartz disks of radius rsh and thickness tsh. Flow within these 
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was excluded by subtracting their volumes away using the Boolean Operations node named 

Difference. 

 

 

Figure 3.3: CVD furnace geometry used in COMSOL MultiPhysics. 
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  Table 3.1: COMSOL MultiPhysics modeling parameters. 
 

 

Boundaries Boundary Conditions Initial Values 
Inlet Velocity uo(x)=-0.048 m/s, uo(y)= uo(z)=0 

Outlet Pressure, no viscous stress po=0 
Side wall at hot zone No Slip uo=0, po=0, To=1200K 
Side wall at cold zone No Slip uo=0, po=0, To=500K 

Wall on y-z plane at hot zone No Slip uo=0, po=0, To=1200K 
Wall on y-z plane at cold zone No Slip uo=0, po=0, To=500K 

Sample holders No Slip uo=0, po=0, To=1200K 
 
Table 3.2: Boundary Conditions and Initial Values for the boundaries based on Figure 3.3. 
 

 

After assigning proper boundary conditions, each of the experimental sample holder 

combinations described in Section 3.1 were solved. 

As one example, Figure 3.4 shows a representative flow profile for the case of one sample holder 

located at position L2. 

Parameters Value Units Description 

l 1.220 [m] Length of Cylinder 

r 0.0575 [m] Radius of Cylinder 

rin 0.0234 [m] Inlet radius 

rout 0.0040 [m] Outlet radius 

rsh 0.055 [m] Sample holder radius 

tsh 0.0032 [m] Sample holder thickness 

ρAr 0.41 [kg m3⁄ ] Density of Argon at 1200K 

γAr 1.667 NA Ratio of specific heats  of Argon 

CpAr 0.52x103 [ J (kg ∙ K)⁄ ] Heat capacity of Argon 

κAr 0.016 [ W (m ∙ K)⁄ ] Thermal conductivity of Argon 

μAr 8.0x10−5 [Pa∙s] Dynamic viscosity of Argon at 1200K 



26 
 

 

Figure 3.4: Fluid flow of the CVD furnace with a single sample holder at position L2. (a) 
Velocity streamline through the entire furnace. (b) and (c) Magnified side and top views of the 
hot zone near the inlet, respectively.  
 

As expected, the temperature gradient at the cold end of the furnace induced a convection 

circulation pattern. The model clearly showed that the effects of this convection were confined to 

the cold zone and a short transition region, and that convection did not affect the flow at L1, L2, 

or L3. The model also showed that the fluid flow was in fact quite laminar through most of the 

furnace, at all positions beyond the sample holder. The main finding from the modeling was to 

reveal circulation patterns between the gas inlet and the first sample holder. In the inlet region, 

the flow was not uniform. 

As seen in Figure 3.4b and 3.4c,a circulating eddy formed between the inlet and a sample holder 

at position L2. This eddy resulted in nonuniform streamlines of gas over the sample holder, and 

it indicated that the degree of gas mixing might vary considerably between different sample 

holder positions. 

 Figure 3.5 shows the side view of the velocity streamlines at the growth zone for all seven 

configurations of one, two, or three sample holders in the L1, L2, and L3 positions. All seven 

figures use the same color scale for velocities, so that configurations can be directly compared. 
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Eddies near the inlet were strongest when the position L1 was left empty (Figure 3.5 b,c,e) and 

they weakened when the position L1 was left empty (Figure 3.5 a,d,f,g).  

Figure 3.5: Fluid flow in the CVD furnace at the growth zone for all possible sample holder 
configurations. (a)-(c) A single sample holder at position L1, L2, or L3. (d)-(f) Configurations 
with two sample holder. (g) All three locations occupied. Positions occupied with sample holders 
are labeled by relevant position number. The number below each sample holder depicts the 
average yield of SWCNTs grown at the corresponding position. 
 

In addition to the streamlines for each case, Figure 3.5 restates the SWCNT growth yields 

described in Figure 3.2. The single sample cases (Figure 3.5 a-c) show the benefits of locating a 

single sample holder further from inlet, increasing by a factor of 5 from L1 to L3 position. 

Similar trends were observed with two and three sample holders (Figure 3.5 d-g), where a gap 
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before any sample holder allows a recirculating eddy to form and results in a higher overall 

yield. A reasonable conclusion is that eddies (or else the conditions that lead to eddies) 

significantly promote SWCNT growth. For example, a strong eddy might help different gases to 

mix well before arriving the samples. 

Figure 3.6 shows a top view of the velocity streamlines over each sample holder for the same 

configurations. The velocity of the fluid flow just above the sample holders is depicted using 

normalized arrows in color scale. The flow velocity, uniformity, and direction were different in 

each configuration. Flow was higher and nonuniform closest to the inlet, with counter-

propagating backflows along some portions of the sample holder. Farther from the inlet the flow 

velocity became smaller and more uniform across the entire sample holder (Figure 3.6 a-c). The 

effect was amplified with two or three sample holders, especially when two holders were 

immediately adjacent to each other (Figure 3.6 d-e). The sample holder in Figure 3.6e has the 

lowest and most uniform velocity, and this also leads to the highest SWCNT yield observed. The 

configuration with all three sample holders also results in a uniform velocity field, but this case 

is not shown because of the low yield shown in Figure 3.5g. Thus, we conclude that uniform 

laminar flow at a low rate is important for achieving the highest possible yields, but that this 

factor is secondary to the need for eddy circulation at the gas inlet 
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Figure 3.6: Velocity profiles immediately above each sample holder, with colored arrows 
depicting the magnitude and direction of flow at each point. (a)-(c) Single sample holder 
configurations at position L1, L2, or L3, respectively. (d)-(f) Double sample holder 
configurations. 
 

To illustrate this conclusion, consider growth at position L3 in the three configurations shown in 

Figures 3.6 c, e, and f. With a single sample holder, growth at L3 benefits from a strong 

recirculating eddy but the flow velocity is varies tenfold across the holder surface (Figure 3.6c). 

Adding a second sample holder at position L1 produces a more uniform velocity field, but it 

significantly dampens the recirculating eddy (Figure 3.6f). The highest yield occurs when the 

second sample holder is positioned at L2 to give a very uniform velocity field at L3 and a strong 

eddy in the L1 position (Figures 3.5e and 3.6e). 

A surprising aspect of this finding is that the gases are well mixed before entering the growth 

zone. A 2”-diameter quartz tube filled with 100 mesh alumina is located immediately before the 
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growth zone. The entering gases must diffuse through a 6" path of alumina before reaching the 

inlet and position L1. The principle of this design was to mix the incoming gases and bring them 

up to the same temperature as the growth zone. The results described here show that 

equilibration in the mixing zone is either ineffective or insufficient. 

 

 

3.3 Conclusion 

 
The experimental results demonstrate that SWCNT growth yield is highly position dependant. 

Modeling has helped to explain this result. Even using very small flow rates, fluid flow inside the 

CVD furnace is nonlaminar and not uniform, at least in the critical region where SWCNT growth 

occurs. Different configurations of sample holders can control the flow type and its velocity 

field, leading to situations that maximize SWCNT yield. 

The best yield seems to be a consequence of three factors. First, the gases must be well mixed 

before the sample holder. The alumina mixing region before the growth zone is insufficient for 

this, but a strong eddy leads to good mixing. To achieve a strong eddy, the position L1 should be 

left empty. Second, uniformity of the fluid flow at the sample holder position increases the 

SWCNT yield. Placing the sample holder far from the inlet promotes a uniform flow field. Third, 

a small flow velocity helps SWCNT yields. Placing an empty sample holder immediately in front 

of the desired growth helps achieve a uniform, slow velocity field over an entire 4" wafer. 
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Chapter 4 
 

Control of Catalyst Activity 

CVD growth of SWCNTs requires chemically active catalysts from which a SWCNT nucleates 

[16]. This chapter describes two methods developed to improve catalyst activity and SWCNT 

yields. 

 

 

4.1 H2O2 Surface Treatments 

 
The catalytic activity of a nanoparticle depends on both the particle and its supporting substrate 

[20,21]. The activity of FeMo catalyst used in this work has been tested on various substrates 

[22]. Under typical CVD conditions, nanoparticles on SiO2 and Al2O3 grow CNTs but 

nanoparticles on Si or SiN do not. The main difference is believed to be the surface’s solubility 

to reactive carbons. For a nanoparticle to nucleate a CNT, it must sit on a blocking surface that 

does not remove the carbons needed to form the CNT. 
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Surface contamination can also affect catalyst activity and CNT yields [16]. To minimize 

airborne contaminants like hydrocarbons, wafers have been pre-oxidized at 700 oC right before 

catalyst deposition. This treatment helps achieve reproducible results from one run to another. 

Additional surface oxidation treatments, including the use of various acids and acid mixtures like 

piranha (3:1 H2SO4 in H2O2) have been tested but do not appreciably improve SWCNT yields.  

However, soaking a wafer in concentrated H2O2 before catalyst deposition does have a 

significant effect. For the same growth conditions, the H2O2 pretreatment increases the SWCNT 

yield tenfold. Figure 4.1 shows samples prepared with and without H2O2 surface treatments and 

then grown side by side in the furnace.  
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Figure 4.1: CVD growth results of the samples treated with (a) 30% H2O2 (i.e. full strength), (b) 
15% H2O2, (c) no H2O2. 
 

The effect of H2O2 is not simply the removal of organics, since these wafers come straight from a 

700 oC furnace. Since H2O2 can hydrogenate a SiO2 surface, the effect suggests that the modified 

surface helps the catalyst particles be more active. It’s interesting to note that H2O2 decomposes 

into water relatively quickly, over the course of just a few days. As shown in Figure 4.1b, the 

improved yield is almost completely lost for H2O2 concentrations of 15% or less. 

 

 

 

c) 

a) 

a) b) 
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4.2 Hydrogen Reduction of Catalysts  

 
Another important step in CVD synthesis is to chemically reduce the catalyst particles to activate 

them. Before growth, the stabilizing ligands of the catalyst precursor are burned away at 700 oC. 

This creates an oxidized FeMo nanoparticle that is relatively inert and which does not promote 

SWCNT growth. Once the samples are in an inert environment at the growth temperature, the 

catalysts were re-activated by reducing them in a mixture of 20% H2 and 80% Ar. This reduction 

step may not fully remove all of the oxygen, so the remaining particle is still partly oxidized as 

depicted in Figure 4.2. 

 

Figure 4.2: Illustration of oxidation and reduction steps of catalysts. 
 

Empirically, the reduction step is important for turning on the activity of these catalyst particles 

[20]. However, the effect is quite sensitive to the duration of exposure to the reducing 

environment. Figures 4.3 and 4.4 show SWCNT yields in a series of experiments that varied the 

duration of the reduction step while keeping all other parameters constant. When reduction was 

skipped entirely, no SWCNTs grew. The optimum duration of 3 minutes yielded 5 times more 

SWCNTs than a 2 minute reduction under conditions that were otherwise identical, and 30 times 

more SWCNTs than a 1 minute reduction. Thus, the onset of catalytic activity is a steeply 

increasing curve with a time constant of approximately 1.7 minutes.  
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Figure 4.3: CVD growth results after (a) 1 min, (b) 3 min, (c) 7 min H2 reduction of FeMo 
catalyst nanoparticles. 
 

a) b) 

c) 
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Figure 4.4: SWCNT yield versus the duration of H2 reduction. Dashed curves (red) are least-
squares fits of a rising exponential and a falling exponential to the data points (black). Error bars 
indicate the standard deviation of the yield, as determined from multiple identical growth runs. 
 

As the reduction time was increased beyond 3 minutes, the SWCNT yield fell back down 

towards zero. Nessim has shown that reducing CNT catalysts in H2 for long durations promotes 

catalyst coarsening, in which metal atoms migrate around the surface and change the cluster 

sizes [20]. Topographic imaging with an atomic force microscope (AFM) showed that similar 

effects occurred on annealed surfaces. Figure 4.5 shows gross catalyst aggregation on a surface 

after 7 minutes H2 reduction. SWCNT growth is highly correlated with catalyst morphology, so 

only the unchanged fraction of FeMo catalyst could still contribute to SWCNT growth. 
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Figure 4.5: AFM topography image of a sample exposed to Hydrogen for 7 min. 
 

 

4.3 Conclusion 

 
Maximizing the yield of SWCNT synthesis depends sensitively on the catalyst used and its 

surface interactions. Optimum yields were obtained with a two-step surface pretreatment 

consisting of a 700 oC bake and then a H2O2 soak. The thermal treatment cleaned the wafers and 

provided reproducible and uniform growth, while the H2O2 treatment improved yield through a 

better surface-catalyst interaction. 

After catalyst deposition and oxidation, the catalyst reduction duration was also found to be a 

sensitive parameter. The yield was sharply peaked around a duration of 3 minutes. Reducing for 

1 minute shorter or 3 minutes longer dropped the yield by a factor of 5. The growth sequence in 

this CVD system was computer controlled, which made it easy to exactly control the initial flush 

with H2 and then the introduction of CH4 that begins the growth. Identifying and controlling 

these critical parameters is much more difficult to accomplish in a manually controlled system.  
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Chapter 5 
 

Oxygen-Assisted SWCNT Growth 
 
5.1 Extreme Sensitivity to H2O 

 
Since the earliest work on the synthesis of CNTs by Bethune and others, it has been appreciated 

that metal catalysts are key to the successful growth of CNTs [23]. Research over the past 15 

years has focused on selecting good catalysts, understanding them, and finding synthesis 

conditions that keep the catalysts chemically active [16,19,20]. For example, while most CVD 

work was originally done using CH4, researchers turned to alternate carbon sources like ethanol 

and propanol when it was shown that these gases did a much better job of maintaining catalyst 

activity [24,25,26]. 

After identifying the important role of -OH groups in the source gases, researchers began 

investigating the direct introduction of water into the CVD process. Iijima’s laboratory, where 

nanotubes were first discovered, demonstrated that the intentional addition of water into the 

CVD furnace kept catalysts far more active than ever seen before [27,32]. This work led to 

dramatic improvements in CNT yield and quality and was referred to as “super growth”. Today, 
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the mechanism is understood to be related to the removal of carbon coatings around the catalyst 

that shut down CNT growth [28,29]. The water etches amorphous carbons and limits the 

encapsulation of catalyst particles. The growth of carbon layers around the catalyst and the 

etching of those layers is depicted in Figure 5.1 to show the role of water keeping a catalyst 

particle active for CNT growth. 

 

Figure 5.1: Cartoons depicting etching of amorphous carbons by water vapor. (a) CNTs grow 
from an active catalyst in the presence of a carbon source. (b) Excess carbon coats the catalyst 
particles with amorphous or graphitic carbon, the latter of which is particularly effective at 
termining growth. (c) Water vapor etches these carbon coatings and maintains an active catalyst. 
 

Hata achieved the best growth results in the presence of 20 to 500 ppm water concentration range 

resulted in super growth. However, he also reported that optimum water concentration depend 

significantly on experimental conditions such as growth temperature, carbon source gas flow 

rate, catalyst, and the furnace [27]. Therefore, optimum water concentration range may vary in 

every CVD system. On the other hand, too much water concentration is found to decrease CNT 

yield [28]. These reports showed that CNT growth is extremely sensitive to water vapor and only 

a narrow range of appropriate water vapor values increases the yield.  
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5.1.1 Control of Water Content 

 
Since a very small concentration of water is important for successful growth, controlling water 

content turned out to be a key experimental parameter. The ideal quantity of water is only a few 

hundred ppm, which can be difficult to control. Previous efforts introduced water by flowing a 

portion of the feed gas through a water bubbler, followed by further dilution to the desired 

concentration [27]. However, water bubblers are not very suitable for a vacuum-tight system or 

operation below atmospheric pressure. Furthermore, the bubbler technique results in a wet front 

end where moisture accumulates in mixing valves and tubing.  

We investigated an alternative strategy of adding a small amount of O2 into the CVD gas 

mixture. The desired concentration was achieved by adding 0-300 sccm from a pre-mixed 

cylinder (20% O2 in 80% Ar) into a 4000 to 6000 sccm flow of pure Ar. Since the final mixture 

also contained 500 sccm H2, the small amounts of O2 were converted into water vapor in the hot 

zone of the furnace. There were numerous advantages to generating water from O2. First, the 

desired water concentration could be tuned precisely using dry gases and standard flow 

controllers, completely eliminating bubblers. In addition, the water was generated at the growth 

substrate while keeping all of the valving and tubing dry. The drier system allowed rapid cycling 

between wet and dry conditions, so that annealing or other processing could be done efficiently, 

even in a large furnace. 

Figure 5.2 shows a calibration plot of the amount of water vapor created by adding O2. Excellent 

control of the water content was achieved over a wide range of concentrations, and the 

concentration of water produced was linear with the O2 added into the system. 
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Figure 5.2: Water content measured at the exhaust output of the furnace showing linear 
dependence to added oxygen.  
 

Measurements of the water content at the exhaust output revealed that with 2% O2, only 0.4% 

water was produced. This quantity was about 1/8 as much as would be predicted 

stoichiometrically. Only 10% of the oxygen reacted with H2 to produce water, while the 

remaining 90% probably reacted with the CH4 to produce CO or CO2. 

The water content in Figure 5.2 is approximately ten times higher than the optimum values 

reported in the literature [27,28,29]. Nevertheless, these were the values typically found to be 

effective in this CVD system. The size of this system, which is designed for 4" wafers, may play 

some role. In addition, the water content was measured by a humidity sensor at the exhaust 

output, whereas most researchers using water bubblers use an inline sensor at the gas input. 

Steam may have been condensing at the site of our sensor, where the exhaust gases rapidly cool. 

Thus, the calibration shown here might substantially overstate the actual water concentration in 
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the hot zone. In any case, the curve was reproducible enough to allow precise control of the 

growth conditions. 

 

 

5.1.2 Growth Results with Added O2 

 
In the absence of a water vapor source, the concentration of water vapor during the growth stage 

depended on the ambient humidity when the furnace was sealed and the amount of time spent 

purging the furnace before the run. In other words, the SWCNT yield was surprisingly sensitive 

to parameters that would normally be ignored. For example, purging the furnace for 15-20 

minutes reduced the residual amount of water vapor to an immeasurably small baseline level and 

almost completely terminated successful SWCNT growth. Figure 5.3 shows an example of two 

SWCNT growth runs in which the water level was not controlled. During both runs, the water 

concentrations decayed continuously during the growth phase, but in one case the initial residual 

moisture level was high enough to allow SWCNT synthesis to be successful. Appreciating and 

then documenting the role of moisture in causing variation and irreproducibility was a key step 

forward in this project. Additional information about purging time and gas flow rates are tabled 

in appendix A.  

The variation shown in Figure 5.3 indicated that an optimum water range might have the highest 

yield of SWCNTs. Using the O2 technique described above, the furnace was prepared with 

residual water levels ranging from 0 to 10,000 ppm. Before starting SWCNT growth, O2 and H2 

were flowed into the furnace with varying flow rates depending on water concentration needed 

(Figure 5.2). Once the water concentration reached the desired level, the O2 was turned off so 

that it would not interfere with the CH4 and H2 concentrations needed for SWCNT growth. 
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Figure 5.3: Residual water vapor profile declining as a function of time during two 3-minute 
growth runs. Despite being run back-to-back and with identical recipes, SEM images of the 
samples showed very different results (insets). The different levels of residual water vapor were 
identified as the only difference between (a) the first run and (b) the second run. 
 

b) 
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Figure 5.4 summarizes the results of 17 CVD runs done at different water concentrations, using a 

logarithmic vertical axis due to the large variation in SWCNT yields. Each red line in the figure 

corresponds to one growth run, with the water level monotonically decreasing during the 

duration of the run. SWCNT yields increased from 0.01 to 10 SWCNTs per 10 µm2 over the 

water concentration range of 0 to 3000 ppm. Figure 5.4 shows that either too little or too much 

water in the system led to very few SWCNTs. The best yield was found to be between 2000-

3000 ppm of water. Either too dry or too humid environments was not suitable for growth. 

 

 

Figure 5.4: SWCNT yield versus water vapor. Each red line depicts a single growth run, during 
which the water level monotonically decreased. 
 

SEM images of sample surfaces from these runs are provided in Figure 5.5. The samples all 

began with identical catalyst densities and were grown under identical conditions except for 
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different O2 and water concentrations. Under optimum conditions, the catalyst was diluted to the 

point that individual catalyst particles could be individually imaged and counted using AFM 

before the growth run. By counting the surface density of SWCNTs after the growth run, it was 

estimated that nearly 100% yield was achieved with each particle nucleating one SWCNT. 

 

 

Figure 5.5: SEM images showing final yields of several runs performed at different water vapor 
ranges: a) 0-1000 ppm, b) 1000-1500 ppm, c) 2000-3000 ppm, d) 7500-8500 ppm. 
 

 

 

 

a)  b)  

d)  c)  
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5.2 Effect of O2 on SWCNT diameter 

 
The use of O2 allowed coarse control of the water content but it also changed the SWCNT 

diameter distribution. In the dilute limit where individual isolated SWCNTs could be studied by 

AFM, analysis indicated that the SWCNTs grew with smaller diameters when O2 was used. In 

Figure 5.6, AFM images from an O2-assisted growth run and an O2-free growth run provide an 

example showing the differing diameters of SWCNTs, even when grown from the same type of 

catalyst. 

 

 

Figure 5.6: AFM topography images of SWCNTs grown using (a) an O2-assisted recipe and b) 
an O2-free recipe. Image analysis determined the SWCNT diameters shown.  
 

Extensive imaging of individual SWCNTs like those shown in Figure 5.6 was done to determine 

the distribution of SWCNT diameters in the O2-assisted and O2-free cases. Figure 5.7 shows the 

results for many dozens of SWCNTs grown in different runs. SWCNTs synthesized with an O2-

free recipe grew with a mean diameter of 1.7 nm and a broad diameter distribution from 1.0 to 

2.5 nm. When O2 was added, SWCNT diameters shifted down into a 0.5 to 1.0 nm range with a 

mean diameter of 0.7 nm. The narrowing of the distribution in Figure 5.7 may have been the 
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result of the better control over water concentrations with the O2-assisted conditions. In general, 

the O2-assisted synthesis runs controlled the water concentration in the optimum range of 2000-

3000 ppm, whereas the O2-free runs were done without control of water concentration. The O2-

free data in Figure 5.7 was accumulated from many independent synthesis runs, each of which 

was performed with different water concentrations.  

 

Figure 5.7: Diameter distributions of SWCNTs grown with O2-assisted (blue) and O2-free (red) 
growths. 
 

Similar downshifts in diameter distributions have been observed previously for carbon monoxide 

feed gases [30,31]. As mentioned in Section 5.1.1, only 10% of the added O2 reacted with H2 to 

form water, and the remainder was available to react with CH4 and its decomposition products. 

These side reactions may have produced CO and modified the diameters via the CO-induced 

mechanism. However, we note that the CH4 concentration was at least 50 times higher than any 

CO produced. Consequently, the main role of CO in determining the CNT diameter could not 



48 
 

simply be its presence as a carbon source. Instead, it is believed that small concentrations of CO 

can modify the surfaces of the catalyst nanoparticles, and therefore indirectly affect the SWCNT 

diameters. 

 

 

5.3 Conclusion 

 
High-yield growth like the “super growth” reported by Hata et. al. was repeatedly obtained by 

adding O2 to form water in the furnace [27]. Using 1.0 to 1.5% O2, a water concentration of 2000 

to 3000 ppm was obtained that was optimum for SWCNT synthesis. In fact, the results suggest 

that nearly 100% catalyst activity was achieved. In addition, the O2 technique avoided the use of 

a water bubbler and maintained dry gas flow controllers and mixing valves. The O2 technique 

resulted in SWCNT diameters smaller than 1.0 nm, perhaps because of small levels of CO being 

created by side reactions. While larger diameters are preferable for certain electronic 

applications, these small diameter SWCNTs are particularly useful for optical measurements and 

resonant Raman using visible wavelengths. 
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Chapter 6 
 

Experimental Methods of Single Molecule 
Biosensing 
 
The second half of this dissertation is on the topic of biosensors made from SWCNT devices, 

and specifically biosensors with single molecule sensitivity. This chapter reviews the materials, 

methods and experimental setups involved in the research. SWCNT device fabrication and 

characterization are described in Section 6.1. Synthesis of DNA Polymerase I and conjugation of 

it to SWCNT devices are reviewed in Section 6.2. The techniques for acquiring and analyzing 

signals from bioconjugated SWCNT devices are described in Section 6.3. Chapters 7 and 8 then 

describe the experimental results of measurements of DNA Polymerase I using these sensors. 
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6.1 SWCNT Device Fabrication and Characterization  
 

6.1.1 Device Fabrication 
 

After SWCNTs were synthesized as described in Chapter 2, metal (Pt, Pd or Ti) electrodes were 

deposited on top of the SWCNTs. A wafer of SWNTs was coated with photoresist (S1808 on top 

of LOR-A1, MicroChem), UV exposed through an optical mask to form a pattern, and then 

developed with developer (MF(TM)-319 Developer). Metal was deposited by electron beam 

deposition over the entire surface, followed by liftoff of the remaining photoresist using a 

stripping solution (N-Methyl-2-pyrrolidinone). 

Figure 6.1a depicts the fabrication results at various magnifications. A typical pattern defined 

132 square dies (7 mm x 7 mm) across a 4” wafer (Figure 6.1a). Figure 6.1b shows one of these 

dies after wafer dicing. Each die pattern consisted of a 4x4 matrix of sets of 8 interdigitated 

electrodes. Figure 6.1c shows one set of electrodes, consisting of 8 contact pads reaching to the 

center to form 8 closely spaced electrodes. Figure 6.1d is a higher magnification SEM image 

showing a SWCNT crossing multiple electrodes. The fine spacing between each electrode was 

approximately 2 μm.  
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Figure 6.1: Design of SWCNT devices at different magnifications. (a) 4” wafer containing 132 
dies. (b) Pattern of a single die. (c,d) A single set of electrodes. 
 

 

6.1.2 Device Characterization 
 

Because of electrical and dimensional variations from one SWCNT to another, characterization 

of every device was necessary before biosensing experiments. Electrical characterization in a 

manual probing station determined the resistance and gate sensitivity of a SWCNT device. AFM 

was used to characterize each SWCNT’s length, diameter, and orientation between the 

electrodes. SEM characterization was avoided to keep the SWCNT devices as clean as possible. 

a) b) 

c) 
d) 

10 μm 
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6.1.2.1 Electrical Measurements in Air 

 
The probe station used for electrical and electrochemical measurements is shown in Figure 6.2. 

Three main parts constituted the probe station: an optical microscope and probes, a rack with 

electronic components, and a computer controlling the electrical measurements via a LabVIEW 

program. 

 

 
 
Figure 6.2: The probe station with the probing bench (right), a rack of electronic components 
(middle), and a computer that controls the whole system (left). 
 

The gate sensitivity of a SWCNT device was used to determine whether a SWCNT was metallic 

or semiconducting. This sensitivity was measured on the probe station in air by measuring the 

source-drain current I under the constant source-drain bias VSD while the back-gate voltage Vg 

was ramped between ±10 V. VSD was controlled by a Keithley 2400 voltage source, I was 

measured using a Keithley 428 current preamplifier, and Vg was manipulated through the chuck 
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of the probe station using the analog output of a National Instruments DAQ board. Vg and I were 

simultaneously acquired using analog inputs of the DAQ board to define an I-Vg curve for each 

device.  

Metallic SWCNTs are not gate sensitive and do not respond to a change of Vg. Figure 6.3 shows 

an example I-Vg curve for a metallic SWCNT (blue). Semiconducting SWCNTs are gate 

sensitive and they can be either conducting or insulating depending on Vg. Figure 6.3 also shows 

the I-Vg curve for a semiconducting SWCNT (red). The conductive state for Vg<0 was a typical 

behavior of p-type devices fabricated in the Collins Lab. 

 

 
Figure 6.3: Normalized I-Vg curves for a metallic SWCNT (blue) and a semiconductor SWCNT 
(red). 
 

 

6.1.2.2 Electrical Measurements in Liquids 

 
Another way to determinate the gate sensitivity of a SWCNT is to measure I in the presence of 

electrolytes in direct contact with the SWCNT. Gating the SWCNT with an electrolyte is 20 
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times more effective than back gating because of a substantially higher capacitance between the 

electrolyte and the SWCNT surface. 

Controlled liquid gating requires the experimental setup of a three-terminal electrochemical cell. 

A three-terminal electrochemical cell consists of a working electrode (WE), a counter electrode 

(CE), and a reference electrode (RE). In our configuration (Figure 6.4), the WE was the biased 

SWCNT device. The CE and RE were two platinum wires controlled and measured by a 

Keithley 2400 voltage source unit. The CE controlled the potential of the electrolyte with 

feedback from the RE, which was measured as a sense electrode by a high input impedance 

circuit. In this manner, the liquid electrolyte could be biased with respect to the SWCNT to gate 

it. 

 

 

Figure 6.4: Cartoon depicting a SWCNT device during liquid measurements. 
 

   

Ke2400 
CE 
RE 

Ke428 
WE 
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The electrolyte was brought into contact with the SWCNT device using a home-built liquid 

probe mounted on a micromanipulator (Figure 6.5a). The liquid probe consisted of 0.03" 

diameter PTFE tubing with a 3” segment of Pt wire inside as the CE. A 1 mL removable syringe, 

connected to the tubing via a connector, delivered electrolyte into the tubing. The RE consisted 

of a second Pt wire on the outside of the tubing that contacted the electrolyte where it met the 

device. Before a measurement, the entire tubing was flushed with electrolyte to avoid air bubbles 

that otherwise would affect the coupling between the electrodes. After the liquid probe was 

positioned over the targeted SWCNT device using the micromanipulator, the electrolyte was 

delivered to the open end of the tubing by gently pumping on the syringe. Figures 6.5b and c 

illustrate the creation of a small (~ 200 μm) drop covering a SWCNT device. 
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Figure 6.5: (a) A liquid probe mounted on a XYZ micromanipulator. (b) Magnified view of the 
circle in (a) positioned over a device for measurement. (c) Image through the microscope 
eyepiece of the drop from the liquid probe (dark region) covering a portion of the SWCNT 
device. Two dry, tungsten probes simultaneously contact the source and the drain electrodes. 
 

When electrolyte contacts a bare, unpassivated SWCNT device, a leakage current can flow from 

the source to drain through the liquid. This leakage current can be larger than I, the current of 

interest through the SWCNT. To eliminate this leakage current, a layer of polymethyl 

methacrylate (PMMA) was spun onto each SWNT device, coating the metal electrodes with an 

insulating layer. Electron beam lithography (EBL) was next used to expose a small portion of the 

a) 

b) c) 
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SWCNT to the electrolyte or to solutions for biofunctionalization. Typically, this opening would 

expose ~1 μm of SWCNT without overlapping either the source or drain contacts, which were 

spaced 2 μm apart from each other. 

 

 

6.1.2.3 SEM and AFM 

 
Scanning electron microscopy (SEM) is useful for imaging a wide area in a short time using the 

contrast between conducting SWCNTs or metal electrodes and insulating SiO2. For example, 

SEM was preferred for determining the yields and lengths of SWCNTs in Figures 4.1, 4.3, and 

5.5. However, there are some handicaps of SEM imaging. Molecular resolution imaging is not 

possible, and high acceleration voltages damage SWCNTs. Also, hydrocarbon deposition 

induced by the electron beam contaminates SWCNT surfaces. SEM is also unable to measure 

height, so no information can be obtained about the diameter of a SWCNT. 

In this work, SWCNT diameters were measured using atomic force microscopy (AFM). AFM is 

a precise method that can detect and measure SWCNTs and attached nanoparticles with <0.5 nm 

accuracy. AFM images were taken using a Pacific Nanotechnology Nano-R or a NT-MDT 

Spectra AFM. Typical imaging used a Si cantilever with a ~50 nm tip radius, raster scanned 

perpendicular to the SWCNT axis at 0.5-0.7 Hz. Locating SWCNTs was performed using 20 μm 

scans at 0.7 Hz. Higher resolution imaging to determine the height profile of a SWCNT was 

performed using a 5 μm scan at 0.5 Hz. Figure 6.6 shows an example AFM topography image 

and height profile. 
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Figure 6.6: (a) AFM topography image of a SWCNT from the source to the drain electrode. (b) 
A height profile taken along the red line in (a) gives accurate diameter of the SWCNT. 
 

 

 

6.2 DNA Pol I Synthesis and Conjugation to SWCNT Devices 

 
This project used a special variant of DNA polymerase I. The design, expression, purification, 

and characterization of the variant was developed and executed by collaborators in Prof. G.A. 

Weiss’ lab at UCI. The following Sections 6.2.1 through 6.2.4 are largely copied from [6]. 

 

 

6.2.1 Mutagenesis to Produce Single-Cysteine KF Variants 

 
Using the oligonucleotides listed below (Table 6.1) , the Klenow fragment of DNA polymerase I 

was amplified by PCR from the Top10 E. coli cell line to incorporate restriction sites for 

subsequent subcloning into a phagemid vector. The active site residues of the exonuclease 

domain [12] were removed by oligonucleotide-directed mutagenesis using the Kunkel method 

500 nm 

Source 

Drain 
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[35] (D355A/E357A), to yield a variant of the Klenow fragment termed wild-type KF. 

Additionally, a native cysteine was removed (C907S) and a new single cysteine residue was 

introduced (L790C) to yield a variant of the Klenow fragment termed KF. KF and wild-type KF 

were amplified to incorporate a sequence encoding His6-Tev at their N-termini to facilitate 

protein purification and subsequent cleavage of the peptide epitope using TEV protease. The 

ORF encoding this construct was then sub-cloned into a pET28 expression vector. 

 

Primer Sequence Use 

KFpmidF CAGGTAATGCATCCGTGATTTCTTATGACAA
CTACGTCACC 

To subclone KF into 
phagemid 

KFpmidR AGCATGCTTAAGGTGCGCCTGATCCCAGTT To subclone KF into 
phagemid 

KFD355/E357 AAAGCGCCGGTATTTGCATTTGCGACCGCGA
C CGACAGCCTTGATAACATC 

To remove 
exonuclease activity 

KFC907S CGGCACATCCAGACGGGTACTGTTTTCCATC
AGTTGATGAATCTGC 

To remove native Cys 

KFL790C GCGCAGAAGTACATGGACTGCTACTTCGAAC
GCTACCCTG 

To introduce Cys at 
position 790 

HisTevF TTGAATACCATGGGGCATCATCATCATCACG
AAAATCTTTATTTTCAAGG 

To introduce a His6 
epitope 

ActAssay 
Template 

TCGAGCTATCTCTAAAGC[2AmPur]GCTAACT
ATCGAGCTATCGCGAAACTGGCCGTCGTTTT
ACA 

Template DNA with 
2-aminopurine 
(2AmPur) 

M13F TGTAAAACGACGGCCAGT M13 primer 

 
Table 6.1: Oligonucleotides used in the mutagenesis. 
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6.2.2 Expression and Purification of KF Variants 

 
The following expression and purification protocol applied buffers and plasmids from previously 

described procedures [36]. A pET28c plasmid containing a gene encoding was used to transform 

CaCl2 competent BL21(DE3) E. coli cells by heat shock. Following overnight growth on solid 

media, a single colony was used to inoculate 25 mL LB media supplemented with 40 μg/mL 

kanamycin for growth in liquid media overnight at 37 °C with shaking. LB (1 L) supplemented 

with 40 μg/mL kanamycin was inoculated with 10 mL of the overnight culture and incubated 

with shaking at 37 °C for several hours. Once the cells reached late log phage (OD600 = 0.9), KF 

expression was induced by the addition of 1 mM IPTG. After 3-4 hours of protein expression at 

37 °C with shaking, cells were harvested by centrifugation (6000 rpm, 20 min, 4 °C) and 

resuspended in lysis buffer (20 mM Tris, 50 mM NaCl, 10 mM BME, pH 8.0). Cells were lysed 

by sonication and the cell debris was collected by centrifugation (15,000 rpm, 45 min, 4 °C). 

Following filtration through a 0.45 μm pore filter, the lysate supernatant was allowed to bind to 

Ni-IMAC resin overnight at 4 °C. KF was eluted in the lysis buffer with 250 mM imidazole, 

concentrated, and then treated with TEV protease for two days at 4 °C. The mixture was 

centrifuged then filtered through a 0.45 μm filter prior to size exclusion chromatography in TBS 

(20 mM Tris, 50 mM NaCl, 100 μM TCEP, pH 7.9) on a Bio-Rad Biologic DuoFlow FPLC. KF 

purity was assessed by SDS-PAGE (Figure 6.7). 
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Figure 6.7: Representative 15% SDS-PAGE gel of KF after over-expression and purification. KF 
was purifed to >95% homogeneity and migrated at its expected mass of ≈68 kDa. 
 

 

6.2.3 Fluorescence-Based Measurement of KF Activity 

 
In order to compare the steady-state, enzymatic activity of KF versus wild-type KF, a previously 

described assay [37] was adapted as follows. A DNA template containing both 2-aminopurine 

(ActAssay template in Table 6.1) and an M13 priming site (underlined) were annealed to the 

M13F primer were mixed in assay buffer (10 mM Tris, 50 mM NaCl, 10 mM MgCl2, 1 mM 

DTT, pH 7.8) and then heating the mixture to 65 °C before slow cooling to room temperature for 

1 h. A comparable decrease in fluorescence was observed for KF and wild-type KF (both 1 μM), 

incubated with the primer-template mixture (25 μM, each) and dNTPs (250 μM) (Figure 6.8). 

Raw fluorescence data was corrected by subtraction of background, which were the equivalent 

10 kDa 

25 kDa 

70 kDa 

KF Ladder 
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measurements in the absence of dNTP. The excitation and emission wavelengths were 305 and 

365 nm, respectively. This assay allowed for the detection of multiple turnovers by the enzyme. 

To ensure steady-state assay conditions, the concentration was present in 25-fold molar excess 

versus the enzyme (1 μM), the 2-aminopurine reporter was located at position 20 of a 42-mer 

template, and the rate analysis omitted the burst phase data points. In summary, KF and wild-

type KF exhibited equivalent levels of DNA polymerase activity. 

 

 
Figure 6.8: Fluorescence-based activity assay depicting KF (L790C) and wild-type KF activity 
under steady-state conditions. The primer extension reaction occurs in the presence of dATP, 
dTTP, dCTP, and dGTP.  The raw data was subtracted from background, which measured 
activity in the absence of dNTPs.  
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6.2.4 Preparation of DNA Substrates for Electronic Measurements 

 
DNA templates (100 nM unless otherwise indicated) were mixed with the M13F primer (100 

nM), and the mixture heated to 95 °C for 1 min before incubation at 50 °C for 3 to 5 min in DNA 

polymerase activity buffer (10 mM Tris, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT, pH 7.8). 

After formation of the primer-template complex, the dNTP or ddNTP was added to a final 

concentration of 10 μM. The homopolymeric DNA templates used in this dissertation are given 

in Tables 6.2. 

 

Template Sequence (5' to 3') 

poly(dA)42 (A)42ACTGGCCGTCGTTTTACA 

poly(dT)42 (C)42ACTGGCCGTCGTTTTACA 

poly(dG)42 (T)42ACTGGCCGTCGTTTTACA 

poly(dC)42 (G)42ACTGGCCGTCGTTTTACA 

 
Table 6.2: Homopolymeric DNA templates. 

 

 

 

6.2.5 Single KF Attachment to the SWNT Device 

 
After expression and purification, solutions of KF were brought to the Collins lab for 

biofunctionalization of SWCNT devices. A single KF was noncovalently attached to the 

SWCNT device using a linker molecule, pyrene-maleimide. Pyrene-maleimide is a bifunctional 

linker molecule which consists of the pyrene and maleimide groups. The pyrene group adheres to 
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the SWCNT sidewall via π-π stacking since the chemical structure of four fused benzene rings is 

commensurate with the SWCNT sidewall [38]. The maleimide group forms thioether bonds with 

the thiol of a cysteine sidechain [39]. This conjugation is depicted in the cartoon in Figure 6.9. 

 

 

Figure 6.9: A pyrene-maleimide functionalized SWCNT. The pyrene group attached to the 
SWCNT sidewall while the maleimide group forms bonds with any free surface cysteine of a 
target protein. 
 

The SWCNT device was soaked in a solution of 1 mM pyrene-maleimide (Sigma-Aldrich) in 

ethanol for 20 min without agitation, and then rinsed with 0.1% Tween-20 (Acros Organics) in 

ethanol for 1 min to remove excess pyrene-maleimide. After the first rinse, a second rinse was 

performed with 0.1% Tween-20 in wash buffer (10 mM Tris, 50 mM NaCl, 10 mM MgCl2, 100 

μM TCEP, pH 7.8) for 10 min with shaking to remove excess reagent. Then, the device was 

rinsed under flowing de-ionized water for 1 min. At room temperature, a 20 μL solution of 0.2 

mg/mL KF was dropped on the device for 45 min without agitation for KF attachment. During 

the attachment the device was kept in a covered cell to prevent evaporation of the drop. After the 

Cysteine 

Maleimide 
Pyrene 
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KF attachment, the device was rinsed with 0.1% Tween-20 in wash buffer again for 1 min to 

remove unattached KF. Then, the device was rinsed with the standard buffer (10 mM Tris, 50 

mM NaCl, 10 mM DTT, 10 mM MgCl2, pH 7.8). The device was stored in the standard buffer 

solution and not dried until the completion of measurements. 

With this attachment protocol, SWCNT attachment yield averaged only 1 protein per 3 μm of 

SWCNT (i.e. one protein on 33% of devices). Figure 6.10 shows an AFM image of a SWCNT 

device before and after attachment. One attachment approximately 7 nm high was imaged after 

drying the device. This height is consistent with the physical structure of KF. Nonspecific 

attachments on the SiO2 surface had a similar height and indicated that the rinsing protocol did 

not fully remove adsorbed KF from the surface. Cleaner surfaces could be achieved with harsher 

rinsing protocols, however, these were avoided since the pyrene linkers were only non-

covalently attached to the SWCNT.  

 

 

Figure 6.10: AFM topography images of a SWCNT device (a) before and (b) after incubation 
with KF. A single KF on the SWCNT and some others on the SiO2 surface all measure 
approximately 7 nm tall. 
 

 

 

a) b) 7 nm 

500 nm 500 nm 
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6.3 Measurement of Enzyme Activity and Analysis 

 
6.3.1 Electronic Measurements 

 
Electronic measurements were performed using the electrochemical cell described in Section 

6.1.2.2. A KF-functionalized SWCNT device was mounted on the probe station and buffer or 

substrate solutions were supplied as a 10-20 μL droplet by the liquid probe. The entire scheme is 

depicted with the cartoon in Figure 6.11. The reference electrode typically held the electrolyte 

potential at 0 V. In some cases, small values of -0.1 to -0.2 V were used to turn on a 

semiconducting SWCNT, since at 0 V some devices were off as shown in Figure 6.3. VSD was 

held at 100 mV and VG was held at zero. I was amplified by a Keithley 428, typically operated at 

108 gain with a 40 kHz bandwidth. The amplified signal was acquired for 600 s and saved for 

later processing and analysis. 
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Figure 6.11: KF functionalized SWCNT device submerged in buffer solution for electronic 
measurement. 
 

 

6.3.2 Control Measurements 

 
Electronic measurements of KF-functionalized SWCNT device were performed in the presence 

of complementary dNTPs, non-complementary dNTPs and templates (Figure 6.12). Excursions 

of I below the mean baseline value were only seen when both DNA template and its 

complementary dNTP were present. In the absence of either dNTP or template, or the presence 

of non-complementary dNTP, I(t) excursions disappeared. Observing the current excursions only 

in the presence of both template and its complementary dNTP ensured that the I(t) excursions 

correlated with opening and closing of KF during processive nucleotide incorporation. 

CE 
RE 
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Figure 6.12: Control experiments for a KF-functionalized SWCNT device. (a) I(t) in buffer 
solution. (b) I(t) in the presence of only poly(dA)42 template. (c) I(t) in the presence of only 
dTTP. (d) I(t) in the presence of both poly(dA)42 and non-complementary dGTP. (e) I(t) in the 
presence of both poly(dA)42 and complementary dTTP. Histograms shown on the right indicate if 
additional states  corresponding to I(t) excursions exist. 
 

 

 

 

a) 

b) 

c) 

d) 

e) 
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6.3.3 Data Analysis 

 
The opening and closing of KF generated two level fluctuations in I(t), similar to data acquired 

in other single-molecule sensing methods such as Forster Resonance Energy Transfer (FRET) 

[41,42,43,44]. Two level fluctuations are a common effect when a single molecule stochastically 

switches between two states. From X-ray crystal structures [45] in the presence of both template 

and complementary dNTP, it is known that nucleotide incorporation occurs when KF is in its 

closed state. Thus, high and low values of I were assigned to KF’s open and closed 

conformations, respectively. 

Analysis of I(t) records was typically performed on 10 s data subsets. Slow fluctuations of I(t) 

made reliable binning more difficult over longer periods. To eliminate these slow fluctuations, 

I(t) was either filtered through a 10 Hz high-pass filter or else detrended by a 1 Hz polynomial 

fit. Figure 6.13a and 6.13b depict 5 seconds of I(t) before and after high-pass filtering. In 

addition, high frequency noise caused by the Keithley 2400 was symptomatic of the electronics 

and independent of the measurement environment. High frequency noise and fluctuations above 

10 kHz were excluded by a digital discriminator that ignored I(t) excursions shorter than 10 data 

points (100 μs).  

After filtering I(t), vbFRET or a similar level-finding algorithm was used to identify individual 

excursions. Figure 6.13c shows the binary output (in red) overlaid on the I(t) signal. The figure 

illustrates the rejection of two events that did not meet the 100 μs duration criterion. Small-

amplitude and short-duration events might in fact be induced by transient KF closures or other 

intermediate motions. However, the investigation of such signals would require higher 

bandwidths and lower background noise than used here. 
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Figure 6.13: (a) 5 s data segment illustrating raw I(t) signal when KF processing poly(dA)42 with 
dTTP. (b) Same data segment after applying high-pass filtering. (c) Magnification of highlighted 
part in (b) shows the binary output (red) of events identified for analysis.  
 

The binary output in Figure 6.13c determined two independent parameters for each event: the 

durations spent by the enzyme in its open conformation τopen and closed conformation τclosed. 

Statistical analysis of τopen and τclosed was done for thousands of opening and closing events. 

Figure 6.14 shows representative τ distributions of τopen and τclosed for a homopolymeric DNA 

a) 

b) 

c) 
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template with its complementary dNTP. The distributions fit simple Poisson distributions with 

single <τ> time constants that represent mean durations of the enzyme's conformations. The 

average KF processing rate k can be calculated from <τopen> and <τclosed> using 

 

𝑘(1 𝑠⁄ ) = 1
〈τopen〉+〈τclosed〉

                                                                                                              6.1  

 

 
Figure 6.14: Distributions for τopen and τclosed. (a) Histogram of τopen for poly(dC)42 template and 
its complementary dGTP. (b) Histogram of τclosed. Exponential fits are shown as solid lines. 
 

 

a) 

b) 
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Chapter 7 
 

Observing Processive Incorporation of 

Deoxynucleoside Triphosphate Analogs by 

Single-Molecule DNA Polymerase I (Klenow 

Fragment) Nanocircuits 

 
In this chapter, the SWCNT-FET technique was used to distinguish the differences between 

native dNTPs and dNTP analogs during incorporation by KF. Using thio- and halo-substituted 

dNTP analogs, DNA polymerization was monitored with single base pair resolution and then 

statistically analyzed to reveal differences in incorporation kinetics for some, but not all, dNTP 

analogs.  
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7.1 Experimental Methods 

 
SWCNT FETs were fabricated and functionalized with a single cysteine variant of exonuclease-

deficient KF as described in Chapter 6 (Figure 7.1 a). Experiments used the homopolymeric 

templates poly(dA)42, poly(dT)42, poly(dG)42, or poly(dC)42 mixed with complementary or non-

complementary dNTPs. KF nanocircuits were immersed in buffer with the template-primer 

hybrid at 100 nM concentration. Native or analog dNTPs were added to the buffer in excess, 

ensuring Vmax conditions for KF catalysis. To compensate for the slower incorporation of dNTP 

analogs, the experiments applied higher concentrations of analogs (Figure 7.1 c, 100 μM, Trilink 

Biotechnologies) than the native dNTPs (10 μM, Fisher). Between 10 min. measurements, the 

KF nanocircuits were rinsed twice with assay buffer, incubated in buffer for 5 min., then rinsed 

twice again with buffer before introducing another nucleotide. Each KF molecule was monitored 

with multiple analogs, the corresponding natural dNTPs, and nucleotide-free buffer in order to 

collect directly comparable data sets, confirm typical KF activities, and reproduce the types of 

ΔI(t) fluctuations reported previously [6]. 
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Figure 7.1: Electrical monitoring of KF activity with chemically modified dNTPs. (a) Schematic 
diagram of a single-walled carbon nanotube field effect transistor (SWCNT FET) noncovalently 
bioconjugated to a single molecule of DNA polymerase I (KF) through a single cysteine 
introduced in the fingers domain. A linker molecule (pyrene-maleimide, yellow) adhered to the 
SWNT through π- π stacking and covalently attached to the single cysteine to immobilize the KF. 
The SWCNT was grown on SiO2 connected to source-drain metal electrodes and passivated with 
polymer (PMMA, red). (b) Atomic force microscopy shows the 1-2 nm diameter of the SWCNT-
FET with a single KF attachment (7 nm, arrow). (c) Chemical structures of the analog dNTPs 
used. Chemical modifications from the native dNTPs are highlighted in red. 
 

 

 

 

Sp α-thio-dGTP 
 

6-Cl-dGTP 
 

2-thio-dCTP 
 

a) 
 

b) 
 

c) 
 

300 nm 



75 
 

7.2 Results 

 
Figure 7.2 shows representative ΔI(t) signals produced by one KF nanocircuit processing 

poly(dC)42, or poly(dT)42 templates. When measured with dGTP, the device produced 

uninterrupted sequences of negative ΔI(t) excursions, shown at three different magnifications in 

Figures 7.2a,b. Each ΔI(t) excursion correlated with the closure of KF and the formation of one 

base pair, and the kinetic parameters derived from ΔI(t) data sets were consistent with previous 

single-molecule analysis of KF motions [6] and ensemble KF incorporation rates [46,47]. 

Measurements of the native dNTPs provided baseline values for comparison with dNTP analogs. 

Commercially available dNTP analogs were chosen for their abilities to incorporate into 

homopolymeric DNA templates. The dNTP analogs examined either substitution at the α-

phosphate or alteration to the nucleobase. In the first category, substitution of a phosphoryl 

oxygen atom with sulfur introduces a new stereocenter into the dNTP to create α-thio-dNTP, also 

known as dNTPαS. Measurements with α-thio-dNTP analogs produced ΔI(t) data sets that were 

quite similar to the native dNTPs but with incorporation rates two to three times slower (Figure 

7.2c). 
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Figure 7.2: Changes in the current during native and analog dNTP incorporation. (a) In this 
current measurement in the presence of poly(dC)42 template and its complementary native dGTP, 
ΔI(t) excursions occur during each base incorporation. High and low current states correspond to 
the enzyme's open and closed conformations, respectively. (b) Magnification of the highlighted 
region in (a) illustrates the switching events corresponding to base incorporation for (c) α-thio-
dGTP and (d) 6-chloro-dGTP, (e) 2-thio-dTTP. To the right, the magnified view depicts a single 
ΔI(t) excursion for each indicated base highlighting the single base resolution. 
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In the second category of dNTP analogs, halogen or sulfur substitution on the nucleobase 

introduces a larger base with different hydrogen bonding. For example, the analog 6-chloro-

dGTP (also known as 6-Cl-2-APTP) has altered tautomerization compared to dGTP, which 

changes N-1 from a hydrogen bond donor to an acceptor. Also, replacement of oxygen with 

chloride dramatically decreases the strength of hydrogen bonding [48]. When measured with KF 

nanocircuits, 6-Cl-dGTP produced ΔI(t) fluctuations with similar rates and magnitudes to dGTP, 

but with an inverted amplitude reflecting a different KF closed conformation (Figure 7.2d). 

Alternate sulfur substituted analogs 2-thio-dTTP and 2-thio-dCTP also have larger bases, and 

ΔI(t) records with these analogs produced less predictable mixtures of both negative and positive 

ΔI(t) fluctuations.  

Distributions of τopen and τclosed were derived from each record of polymerization data. All of the 

distributions were long-tailed, stretched exponentials, but the large majority of events in each 

could be approximated as a simple Poisson distribution with a single <τ> time constant. Figure 

7.3 shows example distributions for poly(dC)42 templates. The τclosed distributions from native 

and analog dGTP events were nearly indistinguishable except for rare events in the tails, for 

which we have the poorest statistics (Figure 7.3a). In general, KF closures upon either native 

dGTP or dGTP analogs had indistinguishable durations, and all of the mean values <τclosed> were 

in close agreement around 0.3±0.1 ms. By comparison, the distributions and mean values of τopen 

were clearly different, being two to three times longer for some dNTP analogs (Figure 7.3b). KF 

spent 63±3 ms in its open conformation when processing with α-thio-dGTP, more than twice as 

long as the 24±1 ms observed for native dGTP. In addition, the native dGTP was better fit by a 

single exponential (χ2=0.23), whereas the α-thio-dGTP and 6-Cl-dGTP distributions had excess 

long-duration events and poorer single-exponential fits (χ2>1). 
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Figure 7.3: Direct comparison of the probability distributions of closed, τclosed, and open, τopen, 
states durations during incorporation of the indicated dNTPs from >50 s data sets. For both (a) 
τclosed and (b) τopen, the homopolymeric poly(dC)42 provided the template. Single-exponential fits 
for each nucleotide are shown as solid lines. 
 

An analysis of kinetic parameters τclosed, τopen, and the average rate of incorporation k was 

completed for the four homopolymeric templates with native and analog substrates (Table 7.1). 

As with the case described above, every combination produced identical τclosed distributions with 

<τclosed> values in the range of 0.3±0.1 ms. During τclosed, KF forms a phosphodiester bond 

between the nucleotide and nascent strand being synthesized. The results indicate that steps 
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occurring while the enzyme is closed, including potentially the bond formation step are 

independent of the particular nucleotide. While a similar effect was previously observed for the 

four native dNTPs [6], the extension of this result to unnatural analogs having different sizes or 

hydrogen-bonding characteristics was unexpected. 

On the other hand, τopen was far more sensitive to dNTP identity. The mean duration of the KF 

open conformation, <τopen>, ranged from 23 ms with native dCTP to 145 ms with α-thio-dATP. 

The variations in τopen highlight the likely effects of analogs on nucleotide recognition, which 

occurs while KF is in its open conformation. Successful recognition and binding of the 

appropriate nucleotide triggers KF’s activation and closure, [49] and it appears that analog 

dNTPs interfere with this recognition mechanism far more than with the actual incorporation. We 

also note that this sensitivity is already present among the four native dNTPs: <τopen> is about 3 

times longer during A•T/T•A base pair formation than for G•C/C•G base pairs [6]. This hierarchy 

is preserved by all four α-thio-dNTPs, each of which has a <τopen> that is 2 to 3 times longer than 

for the corresponding native dNTP. 

The average KF processing rate for dNTP incorporation was calculated as k = (<τopen> + 

<τclosed>)-1. τopen largely determines k because it is at least 60 times longer than τclosed. At its 

fastest, KF incorporates dCTP and dGTP nucleotides at more than 40 s-1. The increase in τopen 

described above reduces k to 15 s-1 for α-thio analogs of dCTP and dGTP and 7 s-1 for α-thio-

dATP and α-thio-dTTP. <τopen> and k for 2-thio-dTTP and 2-thio-dCTP were more similar to 

their native counterparts than the α-thio-dNTP analogs. As reported, The many analogs slow the 

rate of DNA polymerase-catalyzed incorporation, and other analogs can be expected to follow 

similar trends [50,51,52,53]. 
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All of the data in Table 7.1 were accumulated from a single KF nanocircuit for direct 

comparisons. Similar results were reproduced using a dozen different KF molecules, each 

attached to a different SWCNT FET and measured independently. Due to static disorder, some 

KF molecules processed faster or slower than the ensemble average, but without any significant 

change to the relative comparison of analog to native dNTPs. 

 

Template Nucleotide τopen (ms) τclosed (ms) k (1/s) 

poly(dT)42 
dATP 58.9 ± 1.2 0.34 ± 0.18 16.8 ± 0.4 

α-thiol-dATP 145.9 ± 8.4 0.38 ± 0.21 6.8 ± 0.4 

 
poly(dA)42 

dTTP 69.6 ± 2.3 0.33 ± 0.12 14.3 ± 0.5 
α-thiol-dTTP 152.1 ± 6.6 0.29 ± 0.13 6.6 ± 0.3 
2-thio-dTTP 61.1 ± 3.2 0.23 ± 0.14 16.3 ± 0.9 

 
poly(dG)42 

dCTP 42.8 ± 5.0 0.35 ± 0.20 23.2 ± 3.2 
α-thiol-dCTP 68.8 ± 4.6 0.33 ± 0.19 14.5 ± 1.0 
2-thio-dCTP 32.3 ± 1.1 0.41 ± 0.15 30.6 ± 1.2 

 
poly(dC)42 

dGTP 40.8 ± 6.0 0.40 ± 0.20 24.3 ± 4.3 
α-thiol-dGTP 63.6 ± 2.8 0.21 ± 0.15 15.7 ± 0.7 

6-chloro-dGTP 50.5 ± 1.4 0.20 ± 0.12 19.7 ± 0.6 
 

Table 7.1: Kinetics of native and analog nucleotides. 
 

 

7.3 Discussion  

 
The phosphodiester bond formation appears indifferent to the analog substitutions, even with the 

α-phosphate modified. The sulfur of α-thio-dNTP replaces a non-bridging oxygen atom in the 

site of bond formation. Despite the weakened electrophilicity of the phosphate and consequent 

decreased reactivity of the thiophosphodiester versus the phosphodiester, the bond exchange step 

during τclosed is still rapid and not rate-limiting [54,55].  
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On the other hand, τopen includes the rate-limiting step of dNTP recognition and it is sensitive to 

base and backbone modifications. Some of this sensitivity is presumably due to the difficulty of 

recognizing unnatural dNTPs. We interpret the long tails in Figure 7.3b, which contained nearly 

25% of all analog events, to be indications of this difficulty. As a further illustration of the 

differences in τopen, only 20-30% of α-thio-dGTP and 6-Cl-dGTP events overlap with the wild-

type dGTP events. 

While prolonged recognition is one explanation for variations in τopen, we also consider the 

possibility of α-thio-dNTPs directly inhibiting KF activity. The analogs used here were 

commercially synthesized without control over stereochemistry, therefore, the diastereomeric 

ratios around this α-phosphorus were likely 1:1. The Sp diastereomer of α-thio-dNTP is the solely 

preferred substrate for DNA Pol I incorporation, whereas the Rp diastereomer of α-thio-dTTP 

binds weakly to the KF active site and inhibits catalysis with Ki ≈ 30 μM [56]. Inhibition of KF 

by the Rp diastereomer could account for part of the τopen increase observed with a non-

stereospecific mixture of α-thio-dNTPs. Though the non-stereochemically controlled α-thio-

substitution effectively removes half of the available substrate, a large excess of α-thio-dNTP 

ensured such effects were unlikely to be the cause of the dramatic lengthening of time spent in 

the enzyme’s open conformation. Furthermore, the inhibition is about an order of magnitude 

weaker than the Km for the native dNTP [56], so the effect should be too weak to double or triple 

τopen. We have also considered that incorporation of Sp α-thio-dNTPs could affect the stability of 

the DNA backbone of the synthesized strand, an effect previously observed in homopolymeric 

templates to induce slower rates of polymerization [57,58]. Regardless of this possible effect, 

formation of the phosphodiester backbone, which takes place during the enzyme’s closed 

conformation, remained unchanged. The stability of the resultant DNA affecting the observed 
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rates underscores an important caveat to these studies with homopolymeric templates, which can 

introduce complications in double helix formation. 

Previous studies have shown efficient catalysis by DNA polymerase α to incorporate 6-Cl-dGTP 

in base-pairing to a poly(dC) template, [52] and 6-Cl-dGTP can be incorporated opposite the 

base T by T4 DNA polymerase [59,60]. The experiments with 6-Cl-dGTP with a poly(dC)42 

template described here illustrate the willingness of DNA polymerases to accept unnatural 

dNTPs with imperfect base pairing. In order to incorporate these non-native bases successfully, 

DNA polymerase must apply alternatives to conventional hydrogen bonding recognition criteria 

for nucleotide selection. The kinetic results are consistent with the adaptation of a rate-limiting 

step associated with hydrogen bonding during dNTP recognition. 

Finally, we address the change of sign in ΔI(t) excursions that occurred when KF was probed 

with the larger bases 6-Cl-dGTP, 2-thio-dTTP, or 2-thio-dCTP (Figure 2d). In this electronic 

technique, the underlying SWCNT-FET is extremely sensitive to electrostatic gating by the 

charged surface residues of the attached protein, and different enzymes can exhibit positive or 

negative ΔI(t) excursions depending on their precise structure and allosteric movements [60]. A 

switch from negative ΔI(t) excursions with native dNTPs to positive ΔI(t) excursions with the 

larger analogs indicates that KF’s surface charges local to attachment site adopt different 

configurations in the two cases.  

The fact that mixtures of positive and negative ΔI(t) excursions were observed from the 2-thio-

substituted dNTPs suggests that KF might be utilizing more than one conformation. Multiple 

productive conformations would help to explain how KF maintains its efficiency with the 2-thio-

substituted dNTPs and achieves the same rate k as for native dNTPs. Only one of the 2-thio 

analogs, 2-thio dCTP, contains a sulfur substitution in a position that participates in hydrogen 
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bonding.  Our experiments demonstrate similar results for both analogs, which indicates that this 

additional productive conformation accommodates for size rather than hydrogen bonding.  Since 

the sulfur substitution for 2-thio analogs is minor compared to the more dramatic changes for 6-

Cl-dGTP compared to its native dGTP, this may explain the higher sensitivity of this alternative 

conformation to the latter analog. 

KF may close along an alternate pathway to an altogether different closed conformation, or the 

effect could be restricted to a few charged sidechains adjacent to the SWCNT-FET. For instance, 

the difference could be due to conformational changes regulated by the KF J-helix during 

partitioning to and from the exonuclease domain (exo), which typically occurs upon melting of 

an unstable primer terminus due to a mismatch or a less than perfect complementary base [61-

65]. However, such shuttling would need to occur at very fast rates, as no difference was 

observed in τclosed for any analog. Furthermore, evidence has shown that even properly matched 

primer-templates occupy the exo site a portion of the time, serving as a fidelity checkpoint, 

[61,66,67] although this has been disputed in a recent single-molecule study [68]. Regardless, 

such signals were not observed with native dNTP incorporation, nor were they observed in the 

presence of mismatched dNTPs [6]. 

Another hypothesis is based on the previous observation of T7 DNA polymerase acting as a 

molecular switch during misincorporation. Specifically, three distinct conformational states were 

observed: partially open (resting), fully open (mismatch recognition), and closed (bond-forming) 

[69]. In our experiments, the enzyme is attached to the nanocircuit through a bond to the back of 

the enzyme’s “fingers” domain. From this attachment site, we can observe the allostery 

associated with the enzyme moving between open and closed conformation, but not the fully 

open conformation, as evidenced with experiments containing a mismatched base [6]. This KF 
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conformational state unobserved in our experiments, if accessed during recognition of a dNTP 

analog, is likely included in the duration of τopen.  

It is possible that τclosed represents a conformational change that corresponds to bond formation, 

but not the chemical step itself. Previous smFRET experiments revealed an additional step 

following successful nucleotide incorporation likely representative of a fidelity-checking site 

[61]. The signals observed in our experiments with native dNTP incorporation may be evidence 

of this additional step, while opposite signals observed for some analog dNTPs during 

incorporation may represent a similar step in which helices adjacent to the nanotube are twisting 

in opposing ways to accommodate such bases. The current experiments do not attempt to 

elucidate the nature of this step, but we believe that our experiments reveal a unique allostery of 

the “fingers” domain that provides further evidence of this domain’s flexibility. The observed 

signals may not represent closure of the enzyme, but rather a conformational change directly 

following the “fingers-closing” step. Enlargement of the active site to induce Watson-Crick 

geometry in the presence of larger nucleotide analogs5 may explain positive signals versus 

tightening in the presence of native dNTPs to induce negative signals. Differences in magnitude 

for negative signals previously observed for AT/TA and GC/CG base pairs may be 

indicative of different extents of active site tightening [6]. 
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7.4 Conclusion 

 
In summary, dNTP analogs challenge the limits of nucleotide incorporation by DNA 

polymerases, including the stereochemistry at the electrophilic phosphate, the hydrogen-bonding 

capability of the incoming base, and the extent of enzyme closure. Since most analogs increase 

τopen, the rate-determining dNTP recognition step appears highly sensitive to minor variation in 

substrate structure. On the contrary, even dramatic substitutions at the reactive site of bond 

formation fail to impact KF closed durations. The results described here provide two strategies 

for examining mechanisms of analog incorporation. First, modifications can target the 

conformation of the open KF during dNTP recognition and activation. To date, modified dNTPs 

including 6-Cl-dGTP and α-thio-dNTP slow the enzyme’s average rate. Another strategy, which 

merits additional study, affects the closed conformation of KF. Modified bases, such as 6-Cl-

dGTP, 2-thio-dCTP and 2-thio-dTTP, can alter the conformation of the enzyme during 

incorporation, dramatically affecting the electronic signal observed as ΔI(t) increases. Such 

events can be readily distinguished from native dNTP incorporation events and provide direct 

observation of the enzyme readily accommodating unnatural dNTPs. In summary, the approach 

and analysis presented here can be generalized to examine enzyme tolerance to pseudo and 

unnatural substrates to uncover mechanistic details of the enzyme’s catalysis. 
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Chapter 8 
 

DNA Polymerase I (Klenow Fragment) 
Nanocircuits for Counting DNA Sequence 
Lengths 
 
This chapter describes experiments to determine the accuracy of base counting using the 

SWCNT-FET technique. Using the same techniques as described in the previous chapter, KF 

nanocircuits were used to process DNA template molecules. The template molecules were 

diluted to the point that data analysis could distinguish and separate the end of processing one 

template molecule from the beginning of processing the next. Analysis could then “count” the 

number of single-base excursions observed during the processing of a template molecule. 

Counting experiments were performed using templates having three different lengths and in 

template mixtures.  
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8.1 Experimental Methods 

 
KF nanocircuits were fabricated and functionalized with a single cysteine variant of exonuclease-

deficient KF as described in Chapter 6 (Figure 7.1a). Experiments used model heteropolymeric 

templates of different lengths given in Table 8.1. KF nanocircuits were submerged in KF buffers 

containing templates and complementary dNTPs as described in Chapter 7. For these 

experiments, the template-primer hybrid concentration was 0.1-0.5 nM. The concentration of 

complementary dNTPs was 10 μM.  

 

Template 
Length Sequence (5' to 3') 

36 
(A3C6)4ACTGGCCGTCGTTTTACA 

(C3G6)4 ACTGGCCGTCGTTTTACA 

40 
(CTTT)10 ACTGGCCGTCGTTTTACA 

(CTTT)10 ACTGGCCGTCGTTTTACA 

44 

(CTTT)11 ACTGGCCGTCGTTTTACA 

(CTTT)11 ACTGGCCGTCGTTTTACA 

((N)10A)4 ACTGGCCGTCGTTTTACA 

 
Table 8.1: Heteropolymeric DNA templates with primer hybridization. 

 

The purpose of using low template concentrations was to make the average waiting time for 

template binding to be diffusion-limited. Concentrations of 0.1-1.0 nM were found to be useful 

for this type of measurement in previous work [6]. The diffusion time between template binding 

events was estimated to be 10 to 100 s at 0.1 nM, assuming the diffusion constant of template 

molecules to be D = 10-6 to 10-7 cm2/s. This long waiting time produced clusters of ΔI(t) 
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excursions clearly separated by quiet periods in between (Figure 8.1). The clusters were 

interpreted to be the polymerization of one template molecule, allowing the distinction of 

consecutive template reads. As in Chapter 7, data was typically acquired in 10-minute continuous 

records. At these low concentrations, these records contained fewer than 100 template molecule 

events. The results of analyzing individual data sets were added together to generate meaningful 

histograms of template read lengths with better statistics. 

 

 
Figure 8.1: Four clusters of ΔI(t) excursions during polymerization of (CTTT)11 with 0.5 nM 
concentration. Each cluster corresponds to polymerization of one template molecule, and the 
pauses in between the clusters correspond to waiting times for the next template molecule to 
arrive to the KF enzyme. 
 

Figure 8.2 is a representative example of data analysis for base pair (bp) counting using the KF 

nanocircuit. Figure 8.2a shows ΔI(t) signals produced during polymerization of (CTTT)11, a 

single-stranded template with a 44–base overhang after primer hybridization. It is one clusters of 

ΔI(t) excursions like shown in Figure 8.1 above. This cluster, with a duration of 3 s, corresponds 

to a polymerization of one template molecule. This 3 s cluster was divided into one second data 

segments (blue, green, and red) that were analyzed independently. Numbers in white text on the 
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ΔI(t) data show the number of the individual excursions that were identified in each segment. 

The total number of excursions was 44, matching the length of the single-stranded template and 

indicating that each ΔI(t) excursion corresponded to a base pairing.  

In our previous report focused on kinematic parameters of KF, we observed that the longest 

waiting time from one ΔI(t) excursion to another was less than 0.5 s [6]. Based on this fact, we 

interpreted gaps of 0.5 s or longer to indicate the end of processing a particular template 

molecule. For example, a gap of 0.5 s occurs after the 44 excursions in Fig. 8.2a, followed by 

two pairs of additional ΔI(t) excursions in the following 1 s (orange). Because these excursions 

were separated from the cluster by more than 0.5 s, they were not considered to belong to 

polymerization of the same template molecule. New events after a pause of 0.5 s suggested the 

possible binding of a new template molecule, perhaps one which dissociated after only a few 

base incorporations. 

The green segment in Figure 8.2a is magnified in Figure 8.2b. 14 individual excursions were 

identified by the level finding algorithm, and this binary output is overlaid on the ΔI(t) data in 

green. As described in Section 6.3.3, high frequency noise and fluctuations above 10 kHz were 

excluded by a digital discriminator that ignored ΔI(t) excursions shorter than 10 data points (100 

μs) below a threshold (horizontal dashed line). Each transistor applied in our experiments was 

assigned a current threshold dependent upon noise level (i.e., -3 nA in Figure 8.2b). Figure 8.2c 

illustrates the rejection of one example out of six events in Figure 8.1b that did not meet the 100 

μs duration criterion. Figure 8.2d shows a signal that met the duration and amplitude criteria to 

be counted as a base pair.  
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Figure 8.2: Base pair counting with single base resolution. (a) 5 s of ΔI(t) signal includes an 
example of one complete template read (blue, green, red) followed by additional, uncounted 
ΔI(t) excursions (orange). (b) Magnified view of green segment in (a) with binary output (green) 
of the level finding algorithm. Horizontal dashed line shows the current threshold used for 
separating events from background noise. (c) Example of an ΔI(t) excursion that was uncounted 
because its duration above the threshold was insufficient to discriminate from noise. (d) Example 
of an ΔI(t) excursion that was counted as a base pair.  
 

 

 

a) 

b) 

c) d) 
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8.2 Results 

 

First experiments were performed in the presence of single-stranded templates including 44-base 

(CTTT)11 and complementary dNTPs. Figure 8.3a shows polymerization of two template 

molecules in 15 s. Two distinct clusters are highlighted in red. Using the data analysis technique 

described above, each clusters was determined to include 44 individual ΔI(t) excursions. Two 10 

minute recordings, each containing about 60 template molecule events, were analyzed and added 

together to generate a histogram of cluster lengths shown in Figure 8.3b. Fitting the histogram to 

a single Gaussian determined an average template length of L=43.6±0.2 bp with a full-width half 

maximum FWHM=7.8±0.7 bp.  

Similar experiments were performed for each of the templates in Table 8.1. For comparison to 

the (CTTT)11 data, Figure 8.3c shows the histogram of lengths acquired for 50 clusters of 

excursions during processing of (A3C6)4 template. The average cluster length was found to be 

L=35.5±0.7 bp with a full-width half maximum FWHM=6.2±1.0 bp, consistent with the 36 base 

length of the (A3C6)4 template. All of the histogram results are summarized below in Table 8.2. 

 

Length 
(base) Template Peak Position (bp) FWHM (bp) Bin 

Size 

36 (A3C6)4 35.5±0.7 6.2±1.0 2 
(C3G6)4 35.3±0.2 5.5±0.8 2 

40 (CTTT)10 40.0±0.2 3.6±0.4 2 
(CTTT)10 38.8±0.3 7.1±1.0 2 

44 
(CTTT)11 43.6±0.2 7.8±0.7 2 
(CTTT)11 43.3±0.3 6.4±0.9 2 
(N10A)4 43.5±0.3 4.0±1.0 2 

 
Table 8.2: Summary of the analysis of cluster length histograms. 
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Figure 8.3: Counting the length of DNA sequences with single base accuracy. (a) Example ΔI(t) 
signal during polymerization of single-stranded (CTTT)11 template. Two clusters highlighted in 
red both contained 44 excursions. (b) Histogram of read lengths of (CTTT)11 from 20 minutes of 
data. (c) Similar histogram of read lengths for (A3C6)4, a shorter template with a length of 36 
bases. 
 

The summary in Table 8.2 shows that good fitting results were observed for three different 

template lengths. No significant differences were observed between templates of the same length 

but with different sequences. A small number of events in each histogram required the minimum 

bin size to be 2 bp and this caused the histogram peak positions to systematically undercount the 

template length with an average error of -0.6 bp. The uncertainty in peak position was typically 

to 0.2 to 0.3 bp, though larger values were observed in the data sets with the fewest counts.  

a) 

b) c) 
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Additional experiments were performed using template mixtures. A KF nanocircuit was 

monitored in solutions having 1:1 mixtures of two different template lengths. As shown in Table 

8.2, some of the templates combinations had very different sequences. A series of mixtures was 

also prepared using (CTTT)9, (CTTT)10, and (CTTT)11 so that the sequences were only different 

by one or two additional repeats. 

Figure 8.4a depicts representative ΔI(t) signals monitored when the KF nanocircuit was 

processing in a mixture solution containing (CTTT)9 and (CTTT)10, templates 36 and 40 bases 

long. Two consecutive clusters were determined to include 40 (blue) and 36 (green) individual 

ΔI(t) excursions. Two 10 minute data sets were recorded and analyzed to produce the histogram 

shown in Figure 8.4b. Two distinct peaks at L36=34.5±1.1 and L40=40.0±0.2 were detected, 

corresponding to the two templates. Figure 8.4c shows a similar histogram of cluster lengths 

acquired using the longer pair of (CTTT)10 and (CTTT)11 templates. 

In Figures 8.4b and 8.4c, it is notable that the Gaussian errors were not worse than in the single-

template experiments described above. This fact indicates that the stochastic arrival of one 

template or the other did not interfere with KF’s processing or signal generation in the SWCNT 

nanocircuit. Despite having a small number of total counts, two Gaussian peaks remained well 

resolved, at least for template differences of 4 bp. 
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Figure 8.4: Discrimination of two DNA templates differing in length by 4 base pairs. (a) 
Example ΔI(t) signal containing a cluster of 40 excursions (blue) and a cluster of 36 excursions 
(green) during polymerization of a 1:1 mixture of (CTTT)9 and (CTTT)10 templates. (b) 
Histogram of cluster lengths from 20 minutes of data for the (CTTT)9+(CTTT)10 mixture. (c) 
Similar histogram from 20 minutes of data with a (CTTT)10+(CTTT)11 mixture. 
 

We hypothesized that the primary limitation determining the peak position correctly was due to 

the small number of template molecules processed in each data set. To test the limits of the KF 

nanocircuit technique, we accumulated an extended data set containing nearly 1000 template 

reads from over 200 minutes of single KF signal. For this data set, we restricted attention to 

mixtures like (CTTT)9+(CTTT)11 that had a length difference of 8 bases. 

a) 

b) c) 
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Figure 8.5 shows two cumulative histograms obtained from this larger data set. The large number 

of counts allowed the histogram to be constructed with either a bin size of 2 bp (Figure 8.5a) or 1 

bp (Figure 8.5b). Both cases showed two, fully separable Gaussian peaks. The average cluster 

lengths were L36=35.33±0.25 and L44=43.26±0.26 in the former case. Positional uncertainties of 

0.25 bp, undercounting by 0.7 bp, and FWHM values of 5.5 to 6.5 bp were very similar to the 

results obtained from the much smaller data sets. Increasing the number of counts tenfold did not 

reduce any of these errors. 

On the other hand, the larger number of counts allowed the same data to be histogrammed with a 

smaller bin size of 1 bp. Peak positions were now centered around L36=35.84±0.16 and 

L44=43.83±0.06 bp. The smaller bins reduced the uncertainty in peak position by approximately 

50%, and they reduced the systematic undercounting from -0.6 bp to -0.2 bp. The FWHM of the 

distributions was reduced only somewhat, suggesting that this parameter is due to a different 

source of error. Peak positions, widths, and FWHM values are summarized in Table 8.3. 
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Figure 8.5: Discrimination of two templates differing in length by 8 base pairs. A single data set 
is analyzed using (a) a bin width of 2 bp or (b) a bin width of 1 bp. 
 

 

Length 
(base) Template Peak Position (bp) FWHM (bp) Bin 

Size 
36 & 40 (CTTT)9 & (CTTT)10 34.5±1.1 & 40.0±0.2 10.1±3.6 & 3.6±0.4 2 
40 & 44 (CTTT)10 & (CTTT)11 38.8±0.3 & 43.5±0.3 7.1±1.0 & 4.0±1.0 2 

36 & 44 Varying sequences 35.33±0.25 & 43.26±0.26 5.5±0.7 & 6.4±0.8 2 
35.84±0.16 & 43.83±0.06 4.8±0.4 & 5.5±0.2 1 

 
Table 8.3: Summary of the analysis of two-peak histograms when two templates were present  

 

a) 

b) 
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8.3 Discussion 

 
The FWHM values reported in Tables 8.2 and 8.3 are consistent with our previous reports [6]. 

Recent attention to the underlying causes has found that errors in the data analysis cause 

counting errors as large as ±4 bases on each cluster of excursions. Essentially, this width includes 

errors associated with correctly identifying the first and last excursions in a cluster. Additional 

algorithm development could focus on this issue and probably reduce the FWHM values below 5 

bp.  

Based on the peak fitting, we predict that differences of 2 bp should be detectable without any 

significant modifications to the KF nanocircuit technique. Length differences of 1 bp will be 

harder to determine, and success will largely depend on efforts to reduce the FWHM values. 

Even with FWHM of 5 base pairs, it may be possible to infer mixtures of template lengths from 

asymmetric peak shapes, but this technique would only be effective using larger data sets like 

shown in Figure 8.5.  

We note that shorter templates appeared to be counted more frequently than the longer templates 

when two templates were mixed together, even though the mixtures contained two templates in 

equal concentrations. The experimental bias may have been caused by different binding affinities 

to KF. Larger values in template reads than actual template length were also observed with the 

fewest counts. Such larger values were calculated because of over counted ΔI(t) excursions. We 

interpreted that dynamic disorder of KF or SWNT noise generated by distant, nonspecific 

binding events may cause these extra  ΔI(t) excursions. 
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8.4 Conclusion  

 
In summary, it was demonstrated that SWCNT transistor devices can read DNA template lengths 

with an uncertainty < 1 bp. The technique could also easily distinguish a mixture of two 

templates differing by 4 or more bp in just a few minutes. Much longer data sets having more 

single-molecule events did not improve the peak separation, but did reduce systematic errors and 

the uncertainty in the template length. At present, the foremost contribution to errors remains a 

FWHM of nearly 5 or more bp. Reducing this width will be a focus of future research. 
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Appendices 
 

A CNT Growth Recipes 

 
In this dissertation, two types of CNT growth were studied: O2-free growth and O2-assisted 

growth. In both types, entire growth recipes are quite similar except O2 use in O2-assisted 

growth. Typical CNT growth recipe used consists of six steps as shown in Table A.1 and A.2. 

Purpose of each step was explained in detail in Chapter 2.  

 

 

Table A.1: O2-free CNT growth recipe including individual gas flow rates and duration. 
 
 

 

 

Steps 1 2 3 4 5 6 

Ar (sccm) 4000 3000 3000 3000 3000 3000 

H2(sccm) 0 750 520 520 0 0 

CH4(sccm) 0 0 0 1000 0 0 

O2(sccm) 0 0 0 0 0 0 

Duration (min.) 8 2 3 5 8 2 

H2O (ppm) 12000 1600 1000 300 50 0 
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Table A.2: O2-assisted CNT growth recipe including individual gas flow rates and duration. 
 

Steps 1 2 3 4 5 6 

Ar (sccm) 4000 3000 3000 3000 3000 3000 

H2(sccm) 0 750 520 520 0 0 

CH4(sccm) 0 0 0 1000 0 0 

O2(sccm) 0 0 25-60 0 0 0 

Duration (min.) 8 2 3 5 8 2 

H2O (ppm) 12000 1600 1000 2000 1400 0 
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