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ABSTRACT OF THE DISSERTATION 

 

Natural DNA Sequencing by Synthesis 

 

by 

 

Eric E. Roller 

 

Doctor of Philosophy in Bioengineering 

 

University of California, San Diego, 2011 

 

Professor Xiaohua Huang, Chair 

 

 DNA sequencing is used in a vast array of applications including 

pharmacogenetics, cancer research, biodiversity studies and genotyping. With an 

increasing demand for faster, more accessible DNA sequencers, current next-

generation technologies have made astonishing advances that promise to break the 

$1,000 per human genome barrier. Here we present a novel DNA sequencing strategy 
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called Natural DNA Sequencing by Synthesis (nSBS). The key aspect of nSBS is the 

incorporation of a small percentage of a non-terminating fluorescently labeled 

nucleotide along with the natural nucleotide in the cyclic nucleotide-by-nucleotide 

DNA synthesis process for sequence detection. The sparse incorporation and 

subsequent removal of the fluorescent labels minimizes the modification of the natural 

structure of the extending DNA template, ensuring that subsequent DNA synthesis 

will be mostly natural and un-perturbed. Our platform allows scaling to high-density 

arrays for genome sequencing due to the decoupling of the sequencing reaction from 

the detection step. A theoretical model of the nSBS process has been developed, 

utilizing Monte Carlo simulations with random sequences from the human genome to 

assess the feasibility of the method. The model revealed that homopolymer stretches 

up to 20 bases long can be sequenced with high accuracy and Q20 (with 99% 

accuracy) read lengths of up to 1,000 bases can be achieved with less than 10,000 

copies of DNA templates and 10% labeled incorporation.  A major challenge to the 

implementation of nSBS was the design and construction of an automated sequencing 

platform. An overview of the hardware and software of this system is given. Finally, 

results from the implementation of nSBS are provided beginning with a study of the 

kinetics of the incorporation of fluorescently labeled nucleotides. In addition, we 

demonstrate fractional labeling of a synthetic DNA template. By combining the best 

proven aspects of SBS with streamlined methods for DNA amplification and high-

speed fluorescence imaging, nSBS can provide a platform for inexpensive genome 

resequencing and de novo sequencing. 
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1 
Introduction 

Since the completion of the Human Genome Project in 2004, a multitude of 

technologies have emerged to meet the demands for low cost, high throughput DNA 

sequencing. Large scale DNA sequencing efforts lasting over a decade resulted in the 

completion of the Human Genome Project in 20041-3. This has led the way for a 

revolution in the health care and medical research fields. The future discovery of links 

between genotype and phenotype in the human species will drastically change the 

medical field. New diagnostic tools have already been developed to answer some of 

these questions related to disease, but many more questions remain4. A significant step 

forward in this arena was the data accumulated by the HapMap Project, which has 

allowed researchers to find variations in genes that are coupled to known diseases, 

and, consequently, may be affected by therapeutic drugs5. The majority of data 

available from the HapMap Project comes from resequencing using the Perlegen and 

Affymetrix platforms for single nucleotide polymorphism (SNP) detection. By 

identifying specific sites of genetic variation across human populations, studies can be 

conducted to develop risk prediction strategies for disease as well as to discover 

pharmacogenetic relationships. 
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While low cost resequencing would be a valuable clinical diagnostic tool, de 

novo sequencing is still the gold standard for any new sequencing technology. The 

applications for de novo sequencing are endless: detailed mutation sets for many 

common cancers, genetic snapshots of cancer progression from heterozygosity 

analysis to identification of complex translocations6, 7, phylogenetic footprinting and 

shadowing8, and microbial diversity profiling for the discovery of therapeutics9. A low 

cost high-speed sequencing technology capable of de novo sequence assembly would 

be an extremely valuable tool for advancing our knowledge of biology.  

Many technological developments have laid the foundation for modern DNA 

sequencing technologies. These developments include the Sanger dideoxy sequencing 

method10, 11, PCR technology12, fluorescent dyes13, 14, and automated DNA 

sequencers15, 16. The diploid human genome is enormous, consisting of 6 billion base 

pairs; there is an ever-increasing need to sequence the genomes of millions of 

individuals to identify all the genetic variations that lead to disease, across cultures 

and across continents. Despite the numerous sequencing technologies already 

developed, there is still a large demand for better, faster, cheaper and more accessible 

DNA sequencing technologies. Further reductions in cost and throughput are 

necessary to enable individual genome sequencing for $1,000, where it can be utilized 

in a clinical setting. 
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2 
Overview of DNA Sequencing Technologies 

The field of DNA sequencing has a long history and a variety of sequencing 

strategies have been developed. Here we highlight some of these strategies, breaking 

them into 5 groups. The array-based shotgun approach (Figure 2.1) is commonly   

Single cell or cells

Whole genome arrayRaw sequence data

Genome

GOAL

(4)

DNA library

Arraying and amplification(3)

(5) Assembly 

DNA Prep.

Fragmented genomic DNA or cDNA

Library construction(2)

Sequencing 

(1)

 
Figure 2.1 Shotgun Sequencing Pipeline 
1) Genomic DNA is isolated from single or multiple cells and fragmented into short templates. 2) A 
library is constructed by attaching universal adapter sequences. 3) Templates are amplified either 
before or after being placed onto an array. 4) Sequencing reactions are performed, followed by 
detection to read out individual bases. 5) Reads are assembled de novo to reconstruct the original 
genome sequence, or alternatively, the reads can be mapped to a reference genome for SNP detection. 
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utilized to parallelize data readout for whole-genome sequencing. 

2.1 Microelectrophoresis 

The large amount of DNA sequence data generated from the Human Genome 

Project comes primarily from the Sanger Dideoxy Sequencing method, which uses 

electrophoresis to separate DNA fragments that have been synthesized from copies of 

a single DNA template. The fragment lengths have single-base differences allowing 

for decoding of the template sequence. Miniaturization and parallelization of this 

technique in the form of a 384-capillary electrophoresis device has significantly 

reduced the cost of sequencing and can be performed with 99.99% accuracy17-19. Still, 

large factory-style facilities, very expensive instruments and large amounts of costly 

reagents are required for the multistep manipulations of the tens of millions of 

individual DNA samples to sequence a human genome using this strategy. 

2.2 Sequencing by Hybridization 

Sequencing by hybridization (SBH) is a technique that uses the specificity 

inherent in the complementarity of the DNA double helix to probe bases in an 

oligonucleotide fragment. One approach immobilizes DNA targets on a glass surface 

and performs multiple hybridizations of short (7 bases) probes to read out sequence 

information from the targets. This strategy has been used to perform both de novo 

sequencing as well as resequencing20, 21. Another platform developed by Affymetrix 

and Perlegen uses an array with specific probes, 25 bases long, immobilized on a 

surface. Each feature on the array is used to identify a single base in a specific region 
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of the genome22. While this technology has great promise for identification of single 

nucleotide polymorphisms (SNPs) across human populations, it is limited in its ability 

to discriminate in repetitive regions of the genome and cross-hybridization can lead to 

error rates as high as 3%. 

2.3 Sequencing by Synthesis  

Sequencing by Synthesis (SBS) is a very broad area of sequencing technology 

utilizing DNA polymerase extension to read out the nucleotide sequence along a 

template DNA. This area, more than any other, has had the largest number of different 

commercialized platforms. A few of the different approaches are described here. 

Pyrosequencing, commercialized by 454/Roche and pioneered by Ronaghi’s 

Group 23, 24, has been a very promising technology able to achieve read lengths of 800 

base pairs with good accuracy (99.5%)23-25. Shot-gun fragments of DNA are amplified 

on 28 µm paramagnetic beads using emulsion PCR (emPCR, Figure 2.2), a technique 

developed by Vogelstein’s group 26-28. Amplified beads are placed in picoliter-scale 

wells on a solid surface where polymerase extension occurs by flowing sequential 

nucleotide species over the surface. Incorporation is detected indirectly by an enzyme 

cascade that ultimately results in light emission by the luciferase mediated degradation 

of luciferin. Since detection is indirect, nucleotide incorporation efficiency and 

specificity using native nucleotides and native polymerases is extremely high, an 

advantage over other sequencing by synthesis strategies. Part of the reason for reduced 

accuracy compared to Sanger sequencing comes from a difficulty to call homopolymer 
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runs. Pyrosequencing must rely on the amount of signal coming from luciferin 

degradation in each well to determine the number of bases incorporated during a 

single nucleotide flow. 

Illumina’s Genome Analyzer platform uses DNA polymerase synthesis of 

reversible terminator nucleotides29 to limit the number of incorporations at each cycle 

to only one, thereby eliminating the problem of homopolymers. A nice feature of this 

platform is the amplification strategy known as Bridge PCR. Generating about 1,000 

copies of a template, Bridge PCR can be performed directly on the glass surface used 

for sequencing, thereby eliminating additional preparation steps30. The system has 

been shown to read up to 300 bases per template (150 bases per end). One 

disadvantage of this strategy, and probably a reason for the limited read length, is the 

use of engineered reversible terminator nucleotides as well as engineered DNA 

polymerases to efficiently and specifically incorporate these nucleotide analogs. 

Incomplete nucleotide extension leads to a loss of template synchronization. Many 

 
Figure 2.2 Microemulsion PCR 
Water-in-oil immersions create small reaction chambers to perform many PCR reactions in parallel. 
Concentrations of beads and templates can be adjusted to reduce the occurrence of beads with multiple 
templates, which would otherwise result in sequencing errors26. 
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groups have worked extensively on designing these nucleotide analogs and 

engineering DNA polymerases31-34. 

Another promising SBS method that was developed by Ion Torrent/Life 

Technologies detects the hydrogen ions that are generated during nucleotide 

incorporation35. The method is similar to pyrosequencing in that native nucleotides 

can be used, but it uses a non-optical detection method. The technology uses solid-

state electronics to detect the pH change and so the sequencing device can be 

manufactured cheaply. 

The remaining SBS technologies explained here acquire signal from single 

molecules, eliminating the amplification steps mentioned in previous SBS methods. 

This greatly simplifies sample preparation and represents a huge cost savings over 

other amplified sequencing methods. A key difference between these approaches is the 

method of fluorescence detection. Helicos Biosciences is working on a platform that 

uses single-color total internal reflection fluorescence (TIRF, see Section A.1) 

microscopy to read out signal from single, unterminated nucleotide additions36. As 

with pyrosequencing discussed above, the ability to discriminate homopolymers of 

different length is severely limited. Furthermore, sequential incorporations of labeled 

nucleotides have a detrimental effect on incorporation efficiencies, thereby limiting 

the read length of this approach. Utilizing reversibly-terminated nucleotides would 

overcome this limitation, but the efficiency of incorporation will be reduced as 

previously mentioned, limiting throughput of this technique. Pacific Biosciences is 

developing a platform that utilizes zero-mode waveguides to visualize surface 
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fluorescence from the incorporation of labeled nucleotides in real-time37. Since 

detection is in real-time, the fluorescent label can be placed off the γ-phosphate of the 

nucleotide triphosphate and is natively cleaved when the nucleotide is incorporated by 

DNA polymerase. This platform has the capability for extremely long read lengths but 

may have limited accuracy. It will be interesting to see how this technology 

progresses. A technique started by Visigen also uses real time detection of the γ-

phosphate labeled nucleotides, using TIRF microscopy. In addition, their approach 

utilizes FRET (see Appendix B) to increase detection sensitivity by potentially 

reducing false positives due to nonspecific binding of labeled DNA to the glass 

surface. While a complex approach, this too has the capability of realizing the ultimate 

goal of low-cost whole genome DNA sequencing. 

2.4 Sequencing by Ligation 

Rather than use polymerase to cyclically read bases from a DNA template, 

Sequencing by Ligation (SBL) uses a DNA ligase to add short sequence-specific 

oligonucleotide probes to a template. This method was developed at Harvard and has 

since been commercialized by Applied Biosystems38. This method was shown to allow 

genome sequencing from single cells with over 60% coverage using polymerase 

cloning39. An advantage of SBL over SBS is that the enzymatic coupling event with 

SBL can occur away from any probes or cleavable linkers. This allows for efficient 

coupling of engineered probes using native ligases. The technique requires many 

copies of each template for efficient detection. The amplification method is the same 
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as used in pyrosequencing, emPCR, except the capture bead is only 1µm allowing for 

a higher density of templates on an array. After immobilization of amplified beads, 

universal primers are hybridized to each template. A ligase solution containing all 

possible short oligonucleotides (e.g. 46=4,096 for 6-mers) is introduced into the 

reaction chamber. The one species of probe specific to each template will be ligated to 

the primer sequence. The reaction cannot go forward after this step since the 5’ end of 

the oligonucleotide is blocked by a fluorescent tag. Detection of this tag for each 

amplified bead identifies a single base along a template. A cleavable linker along each 

probe allows removal of the fluorescent tag and regeneration of the 5’ phosphate for 

subsequent cycles. 

2.5 Nanopore Sequencing 

The nanopore DNA sequencing method was proposed in the 1990s as a way to 

sequence directly from single DNA molecules without copying or labeling them40-44. 

Generally, the method uses a nanosensor to measure a change in some physical or 

chemical property (e.g. capacitance or tunneling conductance) as a single DNA 

molecule passes through a nanopore. A voltage potential between opposite sides of the 

nanopore facilitates translocation. The size of the nanopore constricts the DNA to a 

linear conformation as it passes the sensor so that only a single base is interrogated. 

Numerous challenges have limited the success of nanopore sequencing including 

controlling the feed rate of DNA through the pore and design of sensitive detectors on 

such a small scale. Although the method has not yet been proven, further research and 
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development could potentially lead to a ground breaking sequencing method easily 

breaking the $1,000 per genome mark. 

2.6 Sequence Assembly  

The final stage of de novo whole-genome shotgun sequencing requires the 

assembly of short sequence fragments into a consensus sequence of the genome. This 

is traditionally done using the overlap-layout-consensus paradigm to assemble 

relatively long reads (>500bp). In the overlap stage, all overlaps between reads are 

found and represented by an edge connecting two nodes in a graph, where each node 

represents one of the reads. During the layout stage, this graph is simplified by placing 

the reads in order along the genome. In the final consensus stage all reads are aligned 

to form a consensus sequence for each contig. This strategy has been implemented and 

perfected in various assembly programs such as ARACHNE and Fhrap45, 46. One 

limitation of this approach is its inability to deal with highly repetitive genomes as is 

typical in mammalian species. Furthermore, it is not capable of handling shorter reads 

(25-50 bases) which is a common output of many next-generation sequencers 

described above. 

A paradigm shift towards Eulerian assemblers has recently been realized for 

shorter read lengths and higher fold coverage sequencing data47-50. Eulerian 

assemblers break all reads into overlapping k-mers. A de Bruin graph is created where 

every k-mer forms an edge in the graph. An edge is connected to one vertex that is the 

(k-1)mer prefix and another vertex that is the (k-1)mer suffix of the k-mer represented 
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by that edge. The advantage of this representation is that repeats in the genome can be 

visualized directly as multiple edges between the same two vertices, whereas in the 

overlap graph described above they appear as spurious edges. Given perfect, error-free 

reads, the optimal assembly is given by an Eulerian path that is consistent with all 

reads, where an Eulerian path is a traversal of the graph which visits every edge 

exactly once. Read errors create branches and extra edges in the de Bruin graph, and 

consequently an error correction mechanism is necessary prior to assembly. 

It should be noted that both the traditional and Eulerian assembly mechanisms 

take advantage of paired-end reads. Paired-end reads provide sequence information 

from two ends of a DNA fragment. If the fragment length has a narrow distribution, 

then these coupled reads reveal valuable information about the genome’s structure. 

For example, utilization of paired-reads is necessary to resolve any repeats longer than 

the read length. Furthermore, resolving any repeat requires fragment sizes at least as 

large as the longest repeat. Since the Eulerian assembly mechanism has a natural 

representation of repeats, it can accurately incorporate paired-end reads into its final 

assembly steps. 
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3 
nSBS Theory and Monte Carlo Simulations 

We describe a new method for high throughput DNA sequencing called natural 

DNA sequencing by synthesis (nSBS). The key aspect of our method is the 

incorporation of a small percentage of non-terminating, cleavable, fluorescently 

labeled nucleotides along with the natural nucleotides in the cyclic nucleotide-by-

nucleotide DNA synthesis process for sequence detection. This minimizes the 

modification of the natural structure of the extending DNA template and the 

perturbation of the DNA polymerase, ensuring that subsequent DNA synthesis is 

minimally affected in the process. Since natural DNA polymerases have intrinsically 

high fidelity and can synthesize long diverse DNA sequences when using natural 

nucleotides, rapid sequencing with long reads and high accuracy can be achieved as 

demonstrated by the 454/Roche pyrosequencing technology. However, unlike the 

pyrosequencing technology, we use a small fraction of non-terminating, cleavable, 

fluorescently labeled nucleotides in our cyclic sequencing process for direct 

fluorescence detection to achieve higher detection sensitivity, greater scalability and 

throughput, and to avoid the numerous limitations inherent with SBS using reversible 

terminators.  



13 

 

Figure 3.1 illustrates the basic principle of nSBS. The general procedure entails 

multiple cycles. Each cycle includes four nucleotide flows and each flow entails three 

steps: (1) A nucleotide mix containing one of the four types of nucleoside 

triphosphates is introduced into the reaction chamber. The nucleotide mix contains 

both natural nucleoside triphosphate and the same nucleotide labeled with a 

fluorescent dye molecule via a cleavable linker. If desirable, the DNA polymerase and 

other necessary proteins can be preloaded onto the templates or added into the reaction 

mix, or both. (2) After a brief washing to remove the reaction mix from the chamber, 

an imaging step is performed to measure the fluorescence intensity. (3) The 

fluorescent labels are cleaved off either chemically or photochemically and this is 

 
Figure 3.1 nSBS Overview 
An automated instrument (only an objective and flow cells are shown) monitors the cyclic nucleotide-
by-nucleotide sequencing process. A plot of the signals detected during each nucleotide flow is 
generated and the corresponding bases are called. Fluor: dye molecule attached via either a chemically 
or photochemically cleavable linker; x%, y%, z%, and w%: percentage of fluorescently labeled 
nucleotides required for f fraction labeled nucleotide incorporation; nA, nC, nG and nT: the total number 
of bases incorporated during a nucleotide flow. 
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followed by an extensive washing to remove any residual nucleotides to prevent carry-

forward extension in subsequent nucleotide flows. 

3.1 Methods 

We modeled the steps of nSBS and performed Monte Carlo simulations of 

sequencing experiments to get an estimation of potential read lengths and sequencing 

accuracy of the proposed technology. All computations and simulations were 

performed with MATLAB (MathWorks). In the Monte Carlo simulations, the rand 

and randn functions were used to generate uniformly distributed and normally 

distributed pseudo-random numbers, respectively. The Mersenne Twister Algorithm 

was implemented in the pseudo-random number generators51. 

The analysis of nSBS shown here is based on some important assumptions. 

First, we assume that the probability of incorporating a fluorescently labeled 

nucleotide at each complementary base position of every template is identical and 

given by the fraction labeled, f. This implies that the probability of labeled 

incorporation is independent of sequence context, and, furthermore, that the presence 

of adjacent fluorescent labels upstream does not affect the probability of labeled 

incorporation downstream. Second, we assume that each labeled dye molecule 

contributes the same average amount of fluorescence intensity to our image so that the 

total measured fluorescence intensity is proportional to the number of labeled bases 

incorporated in a homopolymer stretch. This ignores the effects of quenching. The 
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discussion section will address the experimental principles that these assumptions are 

based on. 

In any practical experimental implementation of nSBS, several important 

factors must be considered. In our simulations, we explicitly took the following factors 

into account to investigate their potential impact on read lengths and error rates: 

1) The probability of misincorporation by the DNA polymerase: a 

misincorporation is the erroneous addition of a nucleotide which does not form a 

normal Watson-Crick base pair to the base on the template.  

2) The probability of incomplete extension from the priming 3’ hydroxyl 

group: an incomplete extension is the failure to add a nucleotide that is complimentary 

to the base on the template during a given nucleotide flow. 

3) Detection noise and fluorescence intensity variation of the dye molecules. 

3.1.1 Intensity Distribution of Homopolymers 

A theoretical limitation in the accuracy of calling homopolymer bases arises 

due to the random distribution of the number of labeled nucleotides incorporated 

during each nucleotide flow. Let N be the number of copies of our DNA template and 

L be the length of the homopolymer of a given base type to be called during the next 

nucleotide flow of the complementary base type. If the homopolymer stretch on every 

template is completely extended there will be a total of N·L nucleotides incorporated. 

If each nucleotide has a probability, f, of being fluorescently labeled, then the total 

number of labeled nucleotides incorporated during a single nucleotide flow is a 

random variable that follows the binomial distribution. On average there will be L·N·f 
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labeled nucleotides incorporated. The probability of there being exactly K labeled 

nucleotides incorporated is given by: 

 -( ; , ) (1- )K N L KN L
p K N L f f f

K
⋅⋅ 

⋅ =  
 

 3.1 

The probability distribution for homopolymer lengths varying from 1 through 20 are 

shown in Figure 3.2 with 1,000 templates and 10% fraction labeled. Any overlap 

between these distributions represents the theoretical error in distinguishing 

homopolymer lengths. These errors can be minimized by using the intersection 

between the adjacent probability distributions as cutoff values. Using the assumption 

that each fluorophore contributes the same amount of fluorescence intensity we 

 
Figure 3.2 Binomial Distribution of Homopolymer Intensity 
The probability distribution of the number of labeled nucleotides incorporated for various length 
homopolymers (L=0 to 20) with 1,000 copies of a template (N=1,000) and 10% fraction labeled (f = 
10%). The inset figure illustrates how base calling is made on a 10-base long homopolymer. The 
intersection between adjacent distributions is used as a cutoff. The area shaded in blue, red and green 
represents the probability of a single deletion error, a single insertion error and a correct call, 
respectively. 
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normalize this intensity contribution from a single dye to 1. Then the fluorescence 

intensity exactly determines the number of fluorescent molecules incorporated. For 

example, in the inset of Figure 3.2 the shading in blue represents the error rate for a 

single deletion when calling a homopolymer of length 10. Similarly, the shading in red 

represents the error rate for a single insertion when calling a homopolymer of length 

10. Interestingly, the probability of a single insertion error will always be slightly 

larger than the probability of a single deletion (red area>blue area). The overlap is 

minimal for short homopolymers less than 4 bases and gradually increases with 

significant overlap between 19-base homopolymers and 20-base homopolymers. There 

is even a small amount of overlap between 18-base homopolymers and 20-base 

homopolymers that would result in two deletions or insertions. Since the binomial 

probability distribution is a discrete distribution (i.e. ( ){ } 0p x x∉ = , where   is the 

set of natural numbers) we can use fractional cutoff values to eliminate ambiguities 

when performing the theoretical error calculations in the next section.  

3.1.2 Theoretical Error Calculations 

For a given homopolymer length, L, we can calculate the expected raw error 

rate of reads for an ideal base caller. The majority of the error will come from 

incorrectly undercalling or overcalling the homopolymer stretch by a single base. To 

express this error in terms of raw error rate for a read, we need to consider the number 

of errors per base read. In this case it would be 1/(L-1) and 1/(L+1) respectively. 

Clearly, an off-by-one error in a 20-base homopolymer would contribute much less to 
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the raw error rate of a read than an off-by-one error in a 5-base homopolymer. 

Furthermore, if our homopolymer is sufficiently long (L>=5) we can ignore the 

contribution from a missed call (L=0), which would otherwise result in an undefined 

raw error rate (i.e. divide by zero). The total raw error rate then becomes the error 

from deletions plus the error from insertions: 

 
( , 1; , ) ( , 1; , )1

1 ( 1, ; , ) 1 ( 1, ; , )
( ; , ) ( ; , )

c i i N f c i i N fL

i K c i i N f i L K c i i N f

L i i Lp K N L f p K N L f
i i

+ +− ∞

= = − = + = −

   − −
⋅ + ⋅   

   
∑ ∑ ∑ ∑  3.2 

where ( , 1; , )c i i N f+  is the cutoff value (intersection) between the length i and length 

i+1 homopolymer distributions given N templates and a fraction labeled f. Since a 

length L=0 homopolymer has zero probability of any nucleotide incorporations we 

define: 

 (0,1; , ) 0.5c N f =  3.3 

The bracketed terms in Equation 3.2 can be evaluated using the binomial cumulative 

distribution function. In evaluating the error rate, we limited the maximum number of 

insertions to 3 times the length of the homopolymer (e.g. 15 insertions with L=5), 

which did not affect the precision of the calculation.  

3.1.3 Monte Carlo Simulations 

Base Calling Algorithms. We used two different base callers in the Monte 

Carlo Simulations of nSBS to determine the bounds on the error rates that can be 

expected from any reasonable implementation of a base caller. Both base callers used 

the theoretical distributions from Equation 3.1. The first base caller is called the 
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simple base caller. It makes use of a priori knowledge of the rate of misincorporation 

(e.g. 0.2%). Using this information, it can adjust the distribution of homopolymer 

intensities from Equation 3.1 based on an estimation of the number of viable templates 

remaining (i.e. those without a misincorporation). Given the misincorporation rate, pm, 

the total number of nucleotide flows, F, and the initial number of templates N0, the 

estimated number of remaining templates is: 

 ( )0 1 F
mN N p= −  3.4 

Although the estimation will be accurate, it will not be perfect due to the randomness 

introduced into the simulation. Furthermore, this naïve approach cannot make 

adjustments for the spurious signal generated by unsynchronized templates resulting 

from incomplete extension. Any real base caller would perform better than the simple 

base caller. 

The second base caller is called the ideal base caller. It is more sophisticated 

because it has clairvoyant knowledge of the exact positions of every template 

throughout the course of a simulation experiment. Therefore, it can accurately adjust 

for the number of templates lost from misincorporation as well as subtract out any 

signal from unsynchronized templates. However, it cannot account for error arising 

from added noise or dye variation. Furthermore, the ideal base caller is susceptible to 

error resulting from the overlap in the underlying distributions of homopolymer 

intensities. Any real base caller, regardless of how good its error correction ability is, 

would perform worse than the ideal base caller. 
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Although the theoretical cutoff value between a non-call (L=0) and a 1-base 

homopolymer is given by Equation 3.3, the presence of misincorporations and 

incomplete extensions makes this cutoff value suboptimal since the presence of even a 

single fluorophore, excluding noise, would eliminate the possibility of a non-call. We 

choose a heuristic cutoff value that makes the error rate for insertion equal to the error 

rate for deletion when calling a 1-base homopolymer. This makes the lower and upper 

cutoff values symmetric about the average number of labeled nucleotides for a 1-base 

homopolymer (N⋅f) and can be expressed as follows: 

 (0,1; , ) 2 (1,2; , )c N f N f c N f= ⋅ ⋅ −  3.5 

General method. Simulations of nSBS experiments were performed using the 

following basic input parameters: 

S: Sequence 

N: Number of template copies 

f:  Fraction labeled 

R:  Read length 

S is a random segment of DNA selected from the reference sequence of Chromosome 

22 of the Human Genome, March 2006 (hg18) NCBI Build 36.1. Gap sequences, 

represented by ‘N’ or ‘n’, were removed. The length of the DNA sequences selected 

was sufficiently large so that the desired read length R would be achieved even if a 

significant number of deletion errors were made. For each DNA template of the N 

total copies, an index into the sequence S is used to keep track of the position for the 

next nucleotide addition. The simulation is carried out by performing successive 
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nucleotide flows. As nucleotides are incorporated into each template, the index into 

the sequence S for that template increases. Furthermore, each nucleotide added has a 

random chance f of being fluorescently labeled. This randomness is achieved using 

uniformly distributed pseudo-random numbers between 0 and 1. A value below f 

would indicate insertion of a labeled nucleotide while a value above f would be 

insertion of a natural nucleotide. After each flow, the total number of fluorescent 

nucleotides incorporated for all templates is calculated and passed to a base calling 

algorithm to determine the homopolymer length to add to the read. By comparing the 

called homopolymer length to the actual homopolymer length in the DNA sequence, 

insertion and deletion errors can be determined and tracked for each position in a read. 

Substitutions are not considered because they would not represent an actual error in 

the sequencing process and, furthermore, can only be determined by alignment of the 

finished read to the reference sequence. Insertion errors are counted at each of the 

positions in the read corresponding to the insertion. All deletion errors for a given 

homopolymer call are counted at the read position immediately following that 

homopolymer. This biases the error towards the end of reads but is not noticeable in 

the average error rate after the first few base positions. All simulations assumed 100% 

cleavage of fluorescent labels prior to each nucleotide flow. Since the probability of a 

fluorescent label remaining after multiple cycles of cleavage is low, this 

approximation is reasonable. After R bases have been called, the simulation terminates 

and the errors are stored. Simulations were performed 10,000 times for each set of 

input parameters. Error rates were calculated at each base position by adding up the 
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total number of errors for that position across all the simulations and then dividing by 

10,000. A sample size of 10,000 provided sufficient averaging for comparison of error 

rates for different input parameters. 

Misincorporation. A misincorporation can occur either during the flow of a 

noncomplimentary base or at the end of a complimentary base flow once a 

homopolymer has been synthesized and a noncomplimentary base is reached. The 

input parameter is the misincorporation rate pm, representing the probability that a 

template will have a misincorporated base during a nucleotide flow. Different 

misincorporation rates for different mismatched base pairs can be used in our 

simulations. However, for simplicity we used an identical value for all the 

mismatches. We used a value of either 0.2% or 0.1% according to the literature52-54. A 

misincorporated base had the same probability, f, of being labeled as a correctly 

incorporated base. Since the rate of extension off a misincorporation is practically 

zero, templates having a misincorporation were marked and no further nucleotide 

additions were allowed54. 

Incomplete Extension. Incomplete extension can occur when DNA 

polymerase does not bind to a template or the DNA polymerase fails to incorporate a 

complimentary nucleotide. The latter case could be due to a kinetics issue (DNA 

synthesis is not taking place on a small population of the templates), accessibility issue 

(no diffusion of a complementary nucleotide into the active site of the polymerase) or 

mechanical hindrance (the physical entanglement of the DNA template or polymerase 

leading to the arrest of polymerase activity). The input parameter is the probability of 
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incomplete extension pi for each template having a base complimentary to the current 

nucleotide flow. For each of these templates, we generate a pseudo-random number 

from a uniform distribution between 0 and 1. A value above pi will have complete 

complimentary extension for the given template while a value below pi will have no 

complimentary bases added. Based on experimental results reported in the literature 

on pyrosequencing and FISSEQ52-54, a value of either 0.2% or 0.1% was used. In the 

case of complete complimentary extension, a misincorporation is still possible at the 

end of the homopolymer stretch. A lack of complimentary polymerization during one 

nucleotide flow does not preclude a template from complimentary polymerization in 

subsequent nucleotide flows as in the case of a misincorporation. In the case of an 

incomplete extension, the index (indicating the next position for incorporation) for 

each template will not increase during the current complimentary flow, but may 

increase in later flows. This will result in an unsynchronized template, which will 

contribute to the total observed fluorescence signal and obfuscate base calling. 

Effect of Measurement Noise and Dye Fluorescence Intensity Variation. 

We consider two additional sources of sequencing error. The first source arises from 

the random distribution in the number of photons emitted from each fluorophore 

during the exposure time for fluorescence imaging. This could arise due to 

fluorescence anisotropy, blinking, and photobleaching. If the exposure time is long 

compared to the fluorescence lifetime then we can approximate this distribution with a 

normal distribution. As before, we set the mean of this distribution for each 

fluorophore to 1 so that the total fluorescence intensity equals the number of 
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fluorophores incorporated during a flow. The variance can then be determined from 

another input parameter for our simulation, c.v. (the coefficient of variation for the 

normal distribution) as follows: 

 2 2 2 2. . . .dye c v c vσ µ= ⋅ =  3.6 

where σdye and µ are the standard deviation and the mean value of the fluorescence 

intensity of a single dye molecule, respectively. Following a given nucleotide flow we 

will have a certain number of labeled incorporations, T. The total intensity generated 

from these T fluorophores will be the sum of the intensities generated by each 

fluorophore. The distribution for this signal will then have mean T and variance given 

by: 

 2 2 2. .dyeT T c vσ σ= ⋅ = ⋅  3.7 

We choose a c.v. of 50% as a conservative estimate, which is larger than the reported 

value of 25% 36, 55. 

A second source of error is detection noise. The source can be the camera or, 

more likely, “shot” noise where fluorescence illumination is scattered by the optics 

and solvent molecules surrounding the templates. This noise is typically quantified by 

the signal-to-noise ratio (SNR, see Section A.2). The final parameter to the simulation 

is the initial SNR for detection of a 1-base homopolymer when all templates are 

synchronized and none has a misincorporation. We call this parameter SNR0 and 

assume a normal distribution for this noise such that: 
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 0
signal

noise noise

N fSNR
µ
σ σ

⋅
= =  3.8 

where µsignal and σnoise and are the measured fluorescence intensity and the standard 

deviation of the measurement noise, respectively. As the number of templates is 

reduced due to misincorporation the mean of the signal will go down while the 

variance of the noise will stay constant, effectively reducing the SNR. Similarly, if we 

start with more templates the mean of the signal will be larger while the variance of 

the noise will stay constant, effectively increasing SNR0. 

We used an SNR of 20 for detecting 100 fluorophores (1,000 templates and 

10% fraction labeled), which is routinely achieved with our TIRF microscope (Axio 

Observer Z1, Carl Zeiss). Both of these components are calculated using normally 

distributed pseudo-random numbers with mean 0 and variance 1. These random 

numbers are multiplied by the standard deviations from Equations 3.7 and 3.8, 

respectively, and then added to the total number of labeled incorporations from the 

nucleotide flow to generate the final fluorescence intensity that is passed to the base 

caller. 

3.2 Results 

3.2.1 Theoretical Error Calculations 

The error rate as a function of template number is shown in Figure 3.3 for all 

combinations of homopolymer lengths of 5, 10, and 20 bases and fractions labeled of 

5%, 10%, and 20%. Highlighting where these functions (including L=15) cross the 1% 
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error rate (i.e. produce Q20 bases), Table 3.1 lists the numbers of copies of templates 

required to produce Q20 reads for the given number of homopolymer lengths. The 

number increases monotonically with increasing homopolymer length for the curves 

shown and a fewer number of templates is required for producing Q20 bases when a 

higher fraction labeled was used, regardless of homopolymer length. Figure 3.3 

provides a good guideline for the minimum number of templates that should be 

present when attempting accurate DNA sequencing with a fixed fraction labeled. 

3.2.2 Monte Carlo Simulations  

Misincorporation. The results from 6 simulations using different 

combinations of fraction labeled and number of templates are shown in Figure 3.4A. 

These simulations included a fixed misincorporation rate of 0.2% per nucleotide flow 

 
Figure 3.3 Number of Templates vs. Error Rate 
The theoretical quality of bases called as a function of template numbers is calculated from the binomial 
distribution for various combinations of fraction labeled (f=5, 10 and 20%) and homopolymer length 
(L=5, 10, 20). The red line at 1% error highlights the template number required for calling Q20 bases. 
These values are listed in Table 3.1. 
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without considering the impact of other experimental factors (pi=0, c.v.=0, and 

SNR0=∞). The error rate for 5% fraction labeled and 500 templates was significant 

(>3%) even at the beginning of the reads. Increasing the fraction labeled to 10% while 

keeping the number of templates fixed resulted in a Q20 read length of 100 bases, 

although bases at the beginning of the read are no better than Q23 (>0.5% error rate). 

With 1,000 templates, a Q20 read length between 300 and 350 was achieved with only 

10% labeled nucleotides. With 5,000 templates, the Q20 read length is well beyond 

500 bases for all fractions labeled (f=5%, 10%). The difference between the simple 

and ideal base callers is only noticeable at longer read positions, indicating that at the 

beginning of the reads the simple base caller is able to accurately predict the number 

of remaining templates. 

  

Table 3.1 Number of Templates Required for 99% Accuracy 
The binomial distribution was used to calculate the theoretical quality of bases called for a given 
homopolymer length and fraction labeled. Shown are the template numbers that generated Q20 bases 
(99% accuracy or 1% error) for various combinations of homopolymer lengths (L=5, 10, 15, 20) and 
fractions labeled (f=5, 10 and 20%). 

L =5 L =10 L =15 L =20
f =5% 1474 2073 2376 2500

f =10% 693 976 1127 1190
f =20% 309 433 505 526  
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Figure 3.4 Effect of Misincorporation and Incomplete Extension on Read Error 
Monte Carlo simulations of nSBS reads were performed using either: (A) a misincorporation rate of 
0.2% (pm=0.002) or (B) an incomplete extension rate of 0.2% (pi=0.002). All other experimental factors 
were not considered (c.v.=0 and SNR0=∞). Two different base callers were used: the ideal base caller 
(green) and the simple base caller (blue). The number of templates (N) was either 500 (column 1), 1,000 
(column 2) or 5,000 (column 3). The fraction labeled (f) was either 5% (first rows) or 10% (second 
rows). The red line indicates Q20 bases. 
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Incomplete Extension. The discrepancy between the simple and ideal base 

callers is much more pronounced in the case with incomplete extensions. Shown in 

Figure 3.4B are the results from the simulations with the same 6 combinations of 

fraction labeled and number of templates. For these simulations the rate of incomplete 

extension was 0.2% and the impact of other experimental factors was not considered 

(pm=0, c.v.=0, and SNR0=∞). For the ideal base caller, the results are almost identical 

to the case with only misincorporation, although the case with only incomplete 

extension performs slightly better. This is simply because a misincorporation can 

occur at every nucleotide flow while an incomplete extension can only occur during 

complimentary flows. More templates are lost in the case with misincorporations 

compared to the number of unsynchronized templates in the case with incomplete 

extensions. In both cases the ideal base caller can accurately adjust for the lost or 

unsynchronized template to make a correct call. The simple base caller, however, can 

only adjust for misincorporations that result in lost templates. It cannot subtract out 

spurious signal from unsynchronized templates. Once the amount of signal from 

unsynchronized templates overpowers the true signal, errors start accumulating. The 

simple base caller is unable to achieve a Q20 read length over 100 bases in any of the 

6 cases considered. Figure 3.4B highlights the importance of the base calling 

algorithm in the presence of incomplete extension. 

Measurement Noise and Dye Fluorescence Intensity Variation. The effect 

of measurement noise and dye fluorescence intensity variation on the performance of 

the ideal base caller is shown in Figure 3.5. A misincorporation rate of 0.2% was used 
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for these simulations. The impact of incomplete extensions is not considered. The 

coefficient of variance in single dye intensity was fixed at 50%. The SNR was fixed at 

20 for the detection of 100 fluorophores. This resulted in an initial SNR of 20 for 

1,000 templates and 10% fraction labeled. With 5,000 templates and 5% fraction 

labeled, the initial SNR was set at 50. The effect of dye fluorescence intensity 

variation and measurement noise are shown individually and combined. With 1,000 

templates and 10% fraction labeled there is a significant drop in the Q20 read length 

from 350 to 250 in the presence of 50% dye fluorescence intensity variation alone. 

The drop in Q20 read length in the presence of measurement noise alone was almost 

identical, although the shift is more dramatic for base positions with error rates higher 

than Q20. This indicated that measurement noise had a larger impact on error rates 

than dye fluorescence intensity variation when there were 1,000 templates and the 

fraction labeled was 10%. The combined effect of both dye fluorescence intensity 

variation and measurement noise drops the Q20 read length even further to 200 bases. 

When the number of templates is increased to 5,000 and the fraction labeled is 

dropped to 5%, the error rates drop significantly, as expected from Figure 3.4A. In this 

case, these two sources of sequencing error have a much smaller effect on error rate 

for read positions less than 500. This indicates that deterioration in Q20 read lengths 

due to these factors can be mitigated by increasing the number of templates.  
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Figure 3.5 Effect of Dye Intensity Variation and SNR on Read Error 
Monte Carlo simulations were performed using a misincorporation rate of 0.2% (pm=0.002) and two 
additional sources of read error: the coefficient of variation for single dye intensity (c.v.=50%) and 
initial SNR for fluorescence detection (A: SNR0=20 for N=1,000 and f=10%; B: SNR0=50 for N=5,000 
and f=5%). In this case, no incomplete extension is considered (pi=0). Only results obtained using the 
ideal base caller are shown. Four combinations are shown: 1) no noise and no signal variation 
(magenta), 2) dye variation alone (cyan), 3) noise alone (green), and 4) both noise and dye variation 
(blue). 

 
Figure 3.6 Combined effects of Experimental Factors on Read Error 
Monte Carlo simulations were performed using 10% fraction labeled and either 1,000 (A) or 10,000 (B) 
templates. All potential sources of sequencing error were considered in the simulations. These include 
either a combined 0.1% misincorporation and 0.1% incomplete extension (blue and green), or a 
combined 0.2% misincorporation and 0.2% incomplete extension (cyan and magenta), with 50% 
coefficient of variation in dye intensity and SNR of 20 for the detection of 100 molecules (A: SNR0=20 
for N=1,000 and f=10%; B: SNR0=200 for N=10,000 and f=10%). Read error rates from both the simple 
base caller (blue and cyan) and the ideal base caller (green and magenta) are shown. Q20 bases are 
indicated by the red line. 
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3.2.3 Short Read Lengths 

Using only 1,000 templates and 10% fraction labeled, shorter read lengths may 

be achieved with high accuracy. Shown in Figure 3.6A is the result of simulations of 

two different experimental scenarios. Both scenarios have the same amount of signal 

variation added (c.v.=50% and SNR0=20). The first scenario has a misincorporation 

rate of 0.2% and an incomplete extension rate of 0.2%, while the second scenario has 

only 0.1% each. While the first scenario results in a Q20 read length between 75 and 

100 bases, the second scenario extends the Q20 read length to between 150 and 200 

bases. 

3.2.4 Long Read Lengths 

The feasibility of read lengths over 500 bases in a practical experimental 

implementation of nSBS is demonstrated in Figure 3.6B. This is achieved by 

increasing the number of templates to 10,000 while using 10% fraction labeled. We 

consider two scenarios where the same amount of signal variation was introduced into 

the simulations (c.v.=50% and SNR0=200). In the first scenario, we consider an 

experiment which has both a 0.2% misincorporation rate and a 0.2% incomplete 

extension rate. The second case has more favorable experimental parameters with only 

a 0.1% misincorporation rate and a 0.1% incomplete extension rate. With a well 

implemented base caller, Q20 read lengths approaching 600 bases could be achieved 

even in the presence of 0.2% misincorporation and 0.2% incomplete extension rates. 

When both the misincorporation rate and the incomplete extension rate are dropped to 
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0.1% each, a Q20 read length over 1,000 bases can be achieved with a good base 

caller. 

3.3 Discussion 

The key of the nSBS method is the incorporation of a small percentage of 

cleavable fluorescently labeled nucleotides along with the natural nucleotides in the 

cyclic nucleotide-by-nucleotide DNA synthesis process for sequence detection. Since 

a small percentage (e.g. 5%) of the fluorescently labeled nucleotide is incorporated 

into the extending template, the probability of having multiple labeled bases 

incorporated into the same template during a single nucleotide flow will be low, 

resulting in significant spacing between labels for long homopolymer stretches (e.g. 20 

bases apart on average if 5% of bases have a label incorporated). This mitigates two 

potential problems: the effect of fluorescence quenching and the effect of an upstream 

labeled nucleotide on further incorporation of labeled nucleotides downstream.  

The minimization of fluorescence quenching between the fluorescent 

molecules in a homopolymer stretch is crucial for accurate sequencing since we 

assume that the length of a homopolymer will be linearly proportional to the measured 

fluorescence intensity. As has been reported, the fluorescence intensity decreases 

significantly if two or more fluorophores are incorporated in tandem due to 

quenching36. The Förster radius (Equation B.2) of most organic dye molecules such as 

fluorescein is on the order of 50 Å, a length of about 15 bases on a double-stranded 

DNA. This is one reason that we choose to use a fraction labeled 10% or less. Dye 
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molecules with less propensity for self-quenching such as the Alexa dyes could be 

used to alleviate the problem to some degree. A small amount of quenching may still 

occur, but can be corrected by a base caller that compensates for the lost signal using 

an empirically determined quenching factor.  

The minimization of the effect of upstream labeled nucleotide on further 

incorporation of labeled nucleotides downstream is also very important. In general, 

most DNA polymerase binds to about 12 bases on the DNA template with the 3’-OH 

priming site and active polymerization site of the polymerase in the middle of the 12-

base stretch56-62. The DNA polymerase will most likely have an increased affinity for 

native nucleotide incorporation over labeled nucleotide incorporation in the presence 

of upstream labeled nucleotides because of kinetics issues. Therefore, it is reasonable 

to assume that the likelihood of incorporating a natural nucleotide will be much 

greater for any templates that have already had one labeled nucleotide incorporated 

within 6 bases upstream of the active site. This could result in a lower measured signal 

than expected. For example, if 5% fraction labeled is used and the homopolymer 

length is 10, we calculate that, on average, there will be up to 17% less labeled 

nucleotide incorporations than expected. That percentage will increase much more for 

longer homopolymer stretches and higher fraction labeled (Figure 3.7). Depending on 

the number of templates used, this could potentially contribute a significant amount to 

sequencing error if not corrected for in the base caller. However, since the underlying 

distribution of homopolymer intensities would vary in a predictable fashion, the base 

caller can be adjusted to account for these interactions. 



35 

 

An advantage of nSBS is that off-the-shelf, non-proprietary DNA polymerases 

and cleavable fluorescently labeled nucleotides may be used 52. One potential problem 

could arise due to the differences in the incorporation efficiency of the dye-labeled 

nucleotide at different positions along the DNA fragment, which could result in a non-

uniform signal from each base in homopolymer stretches. This problem can be 

overcome by using a DNA polymerase enzyme system and dyes that maximize 

incorporation efficiency and minimize incorporation variability. Several DNA 

polymerases can efficiently incorporate the fluorescently labeled 

dideoxyribonucleotides along the DNA templates to produce very uniform and 

randomly terminated fragments independent of the sequence context63, 64. They are the 

workhorse of the Sanger dideoxy sequencing with dye-terminators in most of the 

automated capillary-array DNA sequencers. It has been shown that numerous other 

natural and engineered DNA polymerases are capable of incorporating fluorescently 

labeled deoxyribonucleotides52, 64-71. It is quite possible to further optimize the 

 
Figure 3.7 Potential Signal Loss 
The percentage of fluorescent labels that would be lost if the minimum spacing required between 
labeled nucleotides in a homopolymer stretch is 6 bases. Calculated results are shown for 
homopolymers of length 1 to 20 bases and fractions labeled of 1%, 2.5%, 5% and 10%. 
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chemistry for nSBS by using longer flexible linkers, which present less hindrance to 

the DNA polymerases. With higher step-wise incorporation efficiencies, fewer 

templates will go out of synchronization. Longer read lengths and higher accuracy can 

also be achieved. 

Ultimately, the experimental conditions for sequencing will be optimized such 

that the probability of incorporating a labeled nucleotide at each base is approximately 

identical and, therefore, the measured fluorescence signal after a nucleotide flow will 

be linearly proportional to the number of bases in a homopolymer stretch. 

Furthermore, variability between nucleotide flows will be minimized since the 

fluorescent labels will be removed after each cycle, regenerating nearly natural DNA. 

As can be seen in Figure 2, much longer read lengths can be obtained by increasing 

the fraction labeled. For example, with 1,000 copies of a template, a Q20 read length 

is increased from about 75 bases to more than 300 bases by increasing the fraction 

labeled from 5% to 10%. However, this may not be desirable because the density of 

incorporated labels will be too high, which will result in more fluorescence quenching 

and interference with DNA synthesis by the DNA polymerase. Surprisingly, a Q20 

read length of more than 1,000 bases can potentially be achieved with only 10% 

fraction labeled and 10,000 copies of a template (Figure 3.6B), even if all the potential 

sources of error (misincorporation, incomplete extension, signal variation and 

detection noise) are considered. 

Our technology was inspired by the 454/Roche pyrosequencing technology 

which has proven that very long reads can be achieved with natural DNA synthesis 
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with very high accuracy25, 54, 72. The recent report by Williams' group, where a similar 

strategy was used to prevent fluorescence self-quenching and to quantify 

homopolymer runs, also provides credibility to this approach71. Based on this work, 

they suggested that it may be feasible to sequence homopolymer runs as long as 50 

bases71. Our strategy of using nucleotides labeled with cleavable fluorescent labels via 

a long linker will offer many additional advantages. As discussed above, one 

anticipated issue with nSBS compared to pyrosequencing is the potential variation in 

the ratio of rates of native nucleotide incorporation to labeled nucleotide incorporation 

based on sequence context 52. Any variation in the probability of labeled incorporation 

could contribute to error since the base caller assumes a fixed fraction labeled. 

Correction due to this effect is possible by training the base caller. Another possible 

solution is to select a polymerase that minimizes this variability63, 64. 

Unlike the 454/Roche pyrosequencing method where multiple enzymes and 

real-time signal detection are required to monitor the SBS process, nSBS allows the 

DNA synthesis and signal detection steps to be decoupled. This gives us many 

advantages. (1) We will have better control (e.g. the extension time) over the SBS 

process for optimal workflow to achieve longer read lengths and higher accuracy. (2) 

With our planar surface absent of a well structure, washing to remove residual 

nucleotides will be much more efficient 73. This will eliminate read error due to carry 

forward extension which has turned out to be a major factor contributing to template 

de-synchronization and error with pyrosequencing25, 53, 54. (3) With modern imaging 

devices such as an EMCCD camera with single-molecule detection sensitivity, very 
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few fluorescent dyes are required for high-speed quantitative imaging. Therefore, as 

we have shown in Figure 3.6B, as few as 10,000 copies of a template may be 

sufficient for achieving >500 base reads. (4) Our system is scalable to very high-

density arrays for whole genome sequencing 73. Furthermore fewer enzymes and much 

less reagent will be required. This will result in a dramatic improvement in throughput 

and a significant reduction in reagent costs.  

In other SBS methods employed by Solexa/Illumina and Helicos, 100% of 

fluorescently labeled reversible terminators are used, which supposedly alleviates the 

problem with reading homopolymer runs36, 74. The use of highly modified nucleotides 

requires highly engineered DNA polymerases capable of incorporating these 

nucleotides. Incorporation of these nucleotides is often slow and inefficient. A residual 

moiety is left on every base after the cleavage of the fluorescent dye. This compounds 

the problem of incorporation efficiency. Recently Ju’s group reported a strategy to 

improve template synchronization by running an additional reaction cycle using 

nucleotides with a protected 3’-hydroxyl group but without the bulkier fluorescent dye 

to increase the likelihood of extending any lagging strands 74. Unfortunately, 

inefficient incorporation and cleavage will cause the templates to go out of 

synchronization. Consequently, only very short-reads have been demonstrated on 

these platforms. Surprisingly, the 454/Roche technology doesn’t seem to be limited by 

reading homopolymer runs25, 53, 54, 72. As is shown in Figure 3.6A, Q20 read lengths of 

up to 200 bases may even be possible with only 10% fraction labeled and 1,000 copies 
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of a template. In contrast, a Q20 read length shorter than 100 bases is typically 

obtained with the Illumina Genome Analyzer using the same number of templates. 

Compared to methods for direct sequencing from single DNA molecules36, 55, 

one disadvantage of nSBS is the requirement for the amplification of the DNA 

templates prior to sequencing. Fortunately, there exist powerful methods such as 

emulsion PCR 26 and bridge PCR 30 for parallel genome scale DNA amplification. 

Recently we have also developed a method for rapid assembly of high-density arrays 

of DNA templates to maximize imaging throughput and to simplify image processing 

73. We are in the process of demonstrating the experimental proof of concept of nSBS 

using custom-designed flow cells and a high-speed fluorescence imaging system such 

as the one shown in Figure 3.1. In nature, DNA synthesis by DNA polymerase is 

extremely rapid and accurate. We expect to achieve short reaction cycle times, perhaps 

as short as 90 seconds per cycle, the cycle time of the 454/Roche sequencer. Our 

sequencing speed should only be limited by the imaging system, which could take 

only a few minutes to scan through an entire substrate containing tens to hundreds of 

millions of genomic DNA fragment clones. A few hundred cycles can be finished 

within several hours. This is much faster than other SBS or SBL methods employing 

100% reversible terminators which take a few days to over a week for a single 

sequencing run. With a potential read length of up to 1,000 bases, nSBS can 

potentially be used for de novo sequencing and assembly of mammalian-size genomes. 

Even with shorter read lengths, recent advances in de novo sequence assembly may be 

able to use bases beyond the Q20 read length75.  
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4 
Sequencing Device 

A sequencing device (Figure 4.1) was constructed to provide a robust platform 

for evaluating various sequencing technologies such as SBL and SBS, and other chip 

array technologies such as protein and transcription factor binding assays76, 77. The 

software to control the device and acquire data allows for quick implementation of 

highly customized experimental protocols. These are generally less than 50 lines of 

code, even for the most complex protocols. 

An important feature of the sequencing platform is flexibility. As state-of-the-

art technology is constantly changing in areas such as electron-multiplying charge-

coupled devices (EMCCD), solid state lasers, piezoelectric scanning stages, and 

microscopy, the system is designed to easily incorporate newer technology. 

Optimization of the sequencing protocol will also require constant changes. Using 

modular programming, the time from experimental design to implementation will be 

greatly reduced. The platform consists of a number of components, some available 

commercially and some custom designed. All devices are integrated using custom 

software written in C++. This provides a central framework for extensibility and 

optimization. 
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4.1 Chamber Assembly and Fluidics System 

The chamber assembly (Figure 4.2) was developed to provide the following 

features: 

1) Large glass surface area for target DNA immobilization and imaging. 

2) Shallow chamber height to reduce reagent volumes. 

 
Figure 4.1 System Overview 
The DNA sequencer is composed of a computer tower connected to multiple hardware components 
using various communication protocols. An extensible software program written in C++ is used to 
control the system during an experiment and collect data. 
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3) Temperature controlled flow channel for biochemical reactions and 

washing with uniform flow profile. 

4) Low focal drift during temperature fluctuations. 

5) Stage mountable, lightweight design for high-speed scanning. 

The flow cell is composed of a thin (~100 μm) double-sided silicon tape sandwiched 

between a 75 mm x 50 mm, No. 1.5 (160-190 μm) coverslip (D263 Schott Glass, Erie 

Scientific) and a metal top plate. A variety of surface chemistries can be performed on 

the glass surface to enable immobilization of DNA76-78. A series of 9 flow channels, 

each 40 mm x 2 mm, are cut in the silicon tape using a precision cutter plotter (Roland 

GX-24). This gives a volume of ~15 μL per flow channel. The flow channel width is 

limited to 2 mm to eliminate captured bubbles along the edges. Holes on either end of 

a stainless steel or aluminum top plate are machined to a diameter of 1.2 mm for 

solution delivery to each flow channel. The plate forming the top of the flow cell is 

coupled to an aluminum encasement used for heating and cooling. The fluidic 

connections to the flow channels are made using a PEEK adapter with silicon o-rings 

forming a compression seal on the metal top plate. Coupling of Teflon tubing to the 

PEEK adapter is made using the 062 MINSTAC Tube Fitting System (The Lee 

Company). 
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The aluminum encasement is in contact with twelve 9.2W thermoelectric (TE) 

modules (SP5241-01AB, Marlow Industries). The hot sides of the TE Modules are in 

contact with a heatsink that is water-cooled to 20 °C using a recirculating water bath 

(F25-HE, Julabo). The heatsink also serves as a stage insert for mounting to the XY 

stage of the microscope system. The TE Modules are controlled using a proportional-

integral-derivative (PID) controller (TC-24-25, TE Technology). The entire assembly 

weighs ~1 kg making it compatible with stepper and piezoelectric scanning 

microscope stages. 

Aluminum heatsink/stage insert

Thermoelectric modules

PEEK fluidic interface

Silicone o-rings for 
compression seals

Aluminum encasement for uniform 
temperature distribution

Stainless steel plate for corrosion-
resistant fluidic chamber

Silicone gasket with 9 channels

Glass coverslip
 

Figure 4.2 Chamber Assembly 
Shown is an expanded view of the chamber assembly. A stage insert for mounting the assembly on an 
XY stage is also used as a heatsink with water cooling for efficient TE operation and to reduce focus 
drift from thermal fluctuations. The stainless steel plate forming the upper part of the flow channels can 
be replaced with hard anodized aluminum for improved thermal transfer and lower mass. 

http://www.tetech.com/Temperature-Controllers/TC-24-25.html
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The fluidics system (Figure 4.3) has a 9-port syringe pump (RocketPump, 

Cavro) on the exit side of the flow cell to independently control each flow channel. 

The entrance side of the flow cell is coupled to a 9 port channel multiplexing valve 

and two more 9-port valves (SmartValve, Cavro) which are daisy-chained together to 

provide 15 reagent and wash ports. This configuration allows any of the reagent and 

wash ports to be connected to any of the 9 flow channels. The syringe pump creates a 

negative pressure bias causing fluid to flow from the reagent or wash port through one 

of the flow channels. The syringe and valves are connected to the chamber assembly 

through 0.062" outside diameter Teflon tubing with an inside diameter of 0.03” 

(Upchurch Scientific). The small tubing diameter minimizes the volume between 

reagent source and chamber, while the Teflon resists adhesion of reagent to the tubing 

walls. After washing the chamber and before bringing a new reagent into the chamber, 

a small air gap is introduced to reduce dilution of the reagent during transport through 

the tubing system. 

4.2 Imaging 

Imaging requires the synchronization of multiple devices to quickly measure 

2D optical signals using appropriate illumination intensities and detector parameters to 

provide high SNR data (see Section A.2). The microscope system we have designed is 

capable of multiple-camera imaging using various light sources, including 4 

multiplexed solid state lasers (Figure 4.4). 
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Figure 4.3 Fluidics Layout 
A fluidics system attached to the sequencing device allows for the delivery of reagents and wash 
solutions as necessary for an experimental protocol. Multiple 9 port valves (only one shown in upper 
right) and a 9 port syringe (upper left) allow for multiplexing reagents into the multiple flow channels. 
Some optical components of the imaging system are shown including 4 laser light sources. MBPS: 
multi-band pass beam splitter, MBPF: multi-band pass filter, TL: tube lens. 

 
Figure 4.4 Multiplexed Four-Color Laser Light Source 
Four lasers, including three diode lasers (violet: 405 nm, blue: 488 nm, and red: 635 nm) and one diode-
pumped solid-state laser (DPSS, green: 532 nm), are multiplexed using dichroic mirrors into a single-
mode, polarization-preserving, optical fiber for coupling to the microscope system. The light intensity 
of the diode lasers can be directly modulated, however, the light intensity of the diode-pumped solid-
state laser is modulated using a galvanometer mirror (upper right) to partially block the beam from 
entering the optical fiber. 
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4.2.1 Data Acquisition 

Shown in Figure 4.5 is the hierarchical structure of a small section of the 

control software for image acquisition. The control software was implemented in C++ 

with an object-oriented programming approach. The central component to acquiring 

an image is an AcquisitionChannel object. Typically, each image acquired in a single 

field of view (FOV) will have a different AcquisitionChannel used to generate that 

image. An AcquisitionChannel object defines the light intensity, imaging channel, 

magnification factor, camera to use for detection, and acquisition parameters for the 

camera. The Channel object fully defines a type of filtered illumination light for 

Camera

Abstraction Layer

binninggainexposureImageRegion

AcquisitionParameters

Halogen DG5

Red Laser

Violet Laser Blue Laser

Green Laser

NI DAQ

Parallel Port

Andor Hamamatsu

Roper

Trigger

AcquisitionParametersMagnificationChannelIntensity

AcquisitionChannel

TIRangleFilterCubeLightSource

Channel

Camera 4Camera 3Camera 2Camera 1

MultiCam

 
Figure 4.5 Acquisition Channel Overview 
An acquisition channel defines all parameters needed for acquiring an image. Modular programming 
(object classes shown in blue and relationships shown in green) allows additions and modifications to 
certain components without altering the operation of the entire program. Abstraction (shown in red) 
hides the details of implementation so that the program can interface with each device type in the same 
way. 
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excitation as well as a filtered emission light for detection. The number of Channel 

objects is limited by the number of useful combinations of filter cubes located in the 

microscope's reflector turret and light sources. A TIRangle parameter has been 

incorporated in the Channel object to accommodate TIRF channels (see Section A.1), 

specifying the optimal TIRF angle for a laser excitation source. The magnification is 

controlled by selection of an objective lens on the microscope's objective turret. A 

camera is also selected for detection of the emitting light. The AcquisitionParameters 

object defines how the camera will acquire an image, including which pixels of the 

CCD to use (ImageRegion object), how long to collect light (exposure), electronic 

signal amplification (gain), and whether to aggregate signal from groups of pixels 

(binning). Both the LightSource object and the Camera object are associated with a 

Trigger object, which can be used to synchronize excitation with signal integration by 

the detector. A MultiCam class has been implemented to facilitate the acquisition of 

imaging data in multiple fluorescence channels simultaneously. This is necessary for 

the implementation of FRET imaging which is a powerful tool used in our lab (see 

Appendix B). Triggering is performed using transistor-transistor logic (TTL) signals 

generated by either a DAQ Board (USB6251 or PCI6733, National Instruments) or the 

computer's parallel port. This is necessary to reduce photobleaching and eliminate 

software delays, especially during stage scanning (see section 4.2.2). 

Prior to capturing an image the z position of the objective lens must be 

adjusted to make sure the imaging surface is in focus. This can be done in two ways. 

One option is two take a stack of images in the z direction and select the z position 
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that resulted in an image with the most contrast. To minimize delays, images are 

acquired using the EMCCD frame transfer mode while the z focus moves at a constant 

velocity. To select the optimal image, an autofocus scoring function has been 

implemented. The autofocus scoring function, F, is based on correlative methods79, 80 

and is given by:  

 ( , ) ( 1, ) ( , ) ( 2, )
Height Width Height Width

F i x y i x y i x y i x y= ⋅ + − ⋅ +∑ ∑ ∑ ∑  4.1 

where i(x,y) is the intensity of the pixel located at row x and column y in the image.  

A second option for finding the best z focus position uses additional hardware 

including an LED light source and camera to reflect and detect light off of the imaging 

surface. By monitoring the reflected light the best focus position can be determined. 

The system we utilize on a Zeiss Axio Observer Z1 microscope is called the Definite 

Focus system, but similar mechanisms are offered on most major brand microscope 

systems. The advantage of having this type of focusing mechanism is it is much faster 

than taking a z stack of images and it does not require fluorescence excitation (IR 

LED) so there is a negligible amount of sample photobleaching before imaging. 

4.2.2 Scanning 

One form of imaging involves capturing multiple images of an array by 

scanning the entire flow cell. This can be achieved optimally in a zigzag pattern, 

capturing images in multiple channels at each field of view. The camera and light 

sources are controlled by TTL or analog triggers, if available. When TTL triggering is 

not feasible a "dummy" acquisition will be inserted while waiting for the light source 
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to turn on, microscope components to move, z stage to move or the XY stage to move. 

Assuming high-speed laser light sources, as used in TIRF imaging, a typical 

acquisition series will only acquire a "dummy" acquisition during XY stage movement 

between fields of view (Figure 4.6). 

Another form of imaging involves scanning over a time period (e.g. for 

kinetics experiments). To allow for fixed time interval scanning and arbitrary time 

point scanning in addition to the area scanning mentioned previously, a single data 

structure was created to handle every scenario. By utilizing a single data structure, a 

single generic scanning method can be implemented and data stored in the same way 
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Figure 4.6 Analog and Digital Triggering for High-speed Scanning 
Camera is triggered in frame transfer mode prior to each image acquisition. Each laser is turned on 
sequentially for four-color imaging. Laser intensities can be controlled by analog voltages (equal 
intensities shown here). A galvanometer mirror, controlled using an analog voltage, is used to adjust the 
TIRF angle for each laser wavelength (see Section A.1). The fifth acquisition shown is a "dummy" 
acquisition which is taken while the stage moves to the next field of view. After stage movement the 
same trigger series can be repeated.  
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regardless of the underlying scanning being performed. The data structure is shown in 

Figure 4.7. 

Any arbitrary sequence of images can be captured by constructing the 

appropriate data structure. For example, a set of different imaging channels contained 

in a single AcquisitionGroup, AG1, can be acquired at one FOV over many cycles 

(numLocalSpots) with arbitrary time between cycles as well as focus updates between 

cycles. The same scan can then continue on to another FOV acquiring a completely 

different set of imaging channels specified by another AcquisitionGroup, AG2. 

Finally, this sequence can be repeated multiple times (numGlobalSpots) at different 

FOVs. This flexibility is achieved through abstraction of the Scan class as well as 

Acquisition Channel

{AG1, AG2, AG3, …, AGn}

AcquisitionSeries

AcquisitionGroup
{AC1, AC2, AC3, …, ACk} numLocalSpots
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Figure 4.7 Scanning Abstraction for Imaging 
The Scan object contains a data structure that defines the sequence of image acquisitions that will occur 
for a given scanning experiment. An abstraction of the Scan class allows for different scanning 
methods, for example a single FOV kinetics experiment (SpotKinetics) or a scan over entire area of a 
flow channel (ZigZagScan). The ScanFocus object determines exactly how the focus position is 
updated. 
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having a separate ScanFocus object for each Scan object. Given a sequence of 

channels to acquire, a particular Scan type will create the appropriate data structure to 

acquire the desired data at the desired FOVs with the proper timing. The ScanFocus 

type will update the focus position, if necessary, throughout the scanning process. 

4.3 Image Analysis 

Image analysis is necessary for high accuracy base calling and analyzing 

kinetics experiments. Image analysis is performed using a custom Java plug-in for 

ImageJ (NIH). First, background subtraction is performed using a rolling ball method 

which accounts for illumination nonuniformity81. A threshold is selected either 

manually or using the Otsu method to maximize the inter-group variance82. A 

thresholded image is then used to find connected pixels of a particular size, 

representing beads, clusters or single molecules on the coverslip surface. This is used 

as the mask for image analysis at each time point. When analyzing a time series of 

images from the same field of view, image registration is necessary since the stage 

repeatability is larger than the pixel size after magnification. Image registration is 

found by calculating the correlation at various x and y shifts. The shift that maximizes 

the correlation is selected (see Section B.2.1). Once images are registered, the 

threshold mask can be used to calculate both the integrated and average signal 

intensity of each particle. Data for each particle in a field of view over a series of time 

points is stored in a text file. The text file is imported into Matlab (MathWorks) for 
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downstream processing including intensity normalization, elimination of statistical 

outliers and, eventually, base calling. 
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5 
nSBS Experiments 

The successful implementation of nSBS involves 3 critical components: 

1) Custom nucleotides with cleavable fluorescent labels. 

2) The exact ratio of natural nucleotide to labeled nucleotide in solution for 

achieving a desired fractional labeling of DNA  

3) Surface chemistry to immobilize DNA templates for sequencing 

The combination of all these components will drastically affect the quality of the 

nSBS method and so each one is analyzed in detail. 

5.1 Cleavable Fluorescently Labeled Nucleotides 

One way to determine the quality of any custom nucleotides is to determine 

their kinetic properties of incorporation by DNA polymerase. The location of the 

attachment of the fluorescent label, the cleavable linker used, and the fluorescent label 

itself will all affect the kinetics of nucleotide incorporation. Here we present some 

potential structures for these custom nucleotides, a method for determining their 

kinetic properties and the results of a kinetic analysis of a labeled nucleotide. 
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5.1.1 Nucleotide Structure 

Figure 5.1 shows the structure of a commercially available nucleotide labeled 

with fluorescein dye. In this structure the dye is not designed to be cleaved from the 

nucleotide base. The linker is relatively hydrophilic with a long linear chain. Being 

hydrophilic, the linker can approximate the aqueous solution that would exist in its 

place given a native nucleotide. The length of the linker allows the bulky fluorescein 

dye to be located outside of the DNA polymerase pocket during nucleotide 

incorporation. This minimizes the interaction of the DNA polymerase with the 

unnatural fluorescent label which could perturb the incorporation process. Some 

potential improvements over this structure that allow for cleavage of the fluorescent 

label are shown in Figure 5.283, 84. Here, a long, linear, hydrophilic linker is used in the 

form of polyethylene glycol (PEG). One advantage of these structures is that the 

coumarin dye is significantly smaller than fluorescein. However, coumarin has a 

smaller molar extinction coefficient (See Section A.3.1) which limits its detectability. 

 
Figure 5.1 Structure of Fluorescein-12-dATP 
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An advantage of the chemically cleavable linker is that it is less bulky than the 

photocleavable linker. The interaction of the bulky nitrobenzyl group of the 

photocleavable linker inside the active site of the DNA polymerase could greatly 

hinder incorporation kinetics. However, photocleavage may be easier to implement 

experimentally and the unknown side effects of using chemical cleavage reagents in 

the presence of DNA make it a less attractive option. The tradeoffs between 

biochemical considerations and the ease of experimental implementation must be 

considered carefully. 

 

 
Figure 5.2 Cleavable Fluorescently Labeled Nucleotides 
Top: A nucleotide labeled with Coumarin dye using a chemically cleavable hydrophilic linker. 
Cleavage is achieved through palladium deallylation. Bottom: A nucleotide labeled with Coumarin dye 
using a photocleavable hydrophilic linker. Cleavage is achieved through exposure with ultraviolet 
radiation. Photochemistry occurs at the nitrobenzyl group. 
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5.1.2 Kinetics Model 

A Michaelis-Menten type model can be used to study the kinetics of nucleotide 

incorporation by DNA polymerase. When only a single nucleotide incorporation event 

is allowed to occur by restricting the type of Watson-Crick base pair that can be 

formed, the two step kinetics model is as follows: 
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where DNApol is the DNA polymerase, Tempn is the primed DNA template with 

primer of length n, dNTP is the nucleotide, and PPi is pyrophosphate. The rate of 

incorporation is: 
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The solution of Equation 5.2 assuming rapid equilibrium of nucleotide binding and 

excess nucleotides compared to DNA templates is: 
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Inspection of Equation 5.3 shows that for a fixed nucleotide concentration the apparent 

rate of the reaction is given by: 

 [ ]( ) [ ]( )2obs dk k dNTP dNTP K= +  5.6 

By varying the nucleotide concentration and measuring the rate of the reaction we can 

fit the measured data to Equation 5.6 to estimate the dissociation constant KD and the 

turnover rate k2. 

Some important distinctions should be noted for the kinetics model presented 

here. Again, the model is only valid when a single nucleotide can be incorporated in 

the DNA template. Further Watson-Crick base pairs cannot be formed. Unlike typical 

Michaelis-Menten kinetics where the enzyme is regenerated, the DNA polymerase 

does not dissociate and extend another template. Consequently, whereas Michaelis-

Menten kinetics can be used to determine the Michaelis-Menten constant: 

 1 2

1
M

k kK
k

− +
=  5.7 

the model shown here only identifies the dissociation constant, Kd, for nucleotide 

binding to the active site of the DNA polymerase. However, Kd and KM will be similar 

when: 

 1 2k k− >>  5.8 

Furthermore, since no steady-state assumption was made in deriving Equation 5.3, the 

full reaction time course for each nucleotide concentration can be used for parameter 
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estimation and not just the initial reaction rate as is the case for Michaelis-Menten 

kinetics. 

5.1.3 Methods 

Many high-throughput genomics and proteomics assays require interrogation 

of surface-bound molecules36, 53, 85. We describe a TIRF experiment (Figure 5.3) that 

can be used to extract kinetics information on these surface reactions where 

confinement and limited diffusion can significantly change the kinetics properties 

compared to solution reactions86. We are particularly interested in gathering kinetics 

information on dye labeled nucleotide incorporation by DNA polymerases, which may 

give insight into improving current sequencing by synthesis technologies87, 88. Bst 

DNA Polymerase has been shown to be a useful enzyme for extracting genetic 

information from DNA molecules53. Here we investigate the affinity of this enzyme 

for a fluorescently labeled deoxyadenosine triphosphate and its ability to incorporate 

the nucleotide analog into a growing DNA strand. The approach utilizes high-speed 

TIRF imaging coupled with a custom designed flow cell with temperature control. 
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Borosilicate glass coverslips (50 x 75 x 0.170 mm3, Erie Scientific) were 

washed with a detergent solution and rinsed with 18.2 MΩ/cm deionized water 

(Milli-Q, Millipore). They were further cleaned by soaking in acetone and then in 

methanol for 30 min each in an ultrasonic bath and finally rinsed once with deionized 

water. Organic residue was removed from the coverslips by soaking them in an RCA-

1 cleaning solution (1:1:5 NH4OH:H2O2:H2O) for 60 min at 85 ºC followed by three 

washes with deionized water. The coverslip surfaces were prepared for silanization by 

treatment with a Piranha solution (3:1 H2SO4:H2O2) for 60 min at 85 ºC then rinsed 

10 times with deionized water followed by a 1 min soak in methanol and a 

dehydration bake at 110 ºC for 15 min. Silanization was performed after the coverslips 

were cooled at room temperature for 5 min by placing them in a 2% solution of 3-

 
Figure 5.3 Experimental Design for Kinetics Measurements 
TIRF microscopy is used to measure the fluorescence of surface-bound fluorophores while eliminating 
fluorescence from the bulk solution. Shown is a glass surface covered with surface bound DNA 
templates. The DNA templates have polymerase molecules bound to a priming site. Fluorescent 
nucleotides in solution are free to diffuse into the active site of the polymerase where they are 
incorporated into the DNA template. 
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aminopropyltriethoxysilane (Gelest) in 95:5 ethanol/water for 15 min at room 

temperature. The coverslips were then rinsed three times with acetone and cured at 

110 ºC for 15 min in a convection oven. A 1 mM solution of NHS-PEG4-Biotin, 

(Pierce Biotechnology) in dry N,N-dimethylformamide with 1 mM triethylamine was 

prepared, and 300 µL was spotted onto each 75 mm x 50 mm coverslip. A 22 mm 

square No. 1 coverslip was placed at one edge of each coverslip serving as a spacer for 

another 75 mm x 50 mm coverslip that was placed on top. After 1 hour of incubation 

at room temperature, the coverslips were rinsed with acetone and treated with a 

solution of 1% ammonium hydroxide and 0.1% sodium dodecyl sulfate solution for 15 

min. The coverslips were rinsed 10 times with deionized water followed by two rinses 

with acetone and then dried in a vacuum desiccator. Following an argon purge, the 

coverslips were assembled onto a flow cell consisting of three channels (65 mm x 

5mm) cut from double-sided adhesive silicon tape (~100 µm thick) attached to a 75 

mm x 50 mm x 1 mm slide with six 1.2 mm holes for inlet and outlet of each channel. 

The flow cells were stored in a vacuum desiccator, which was purged with argon prior 

to use. 

The flow channels were incubated with 1 μM Neutravidin in HS buffer (50 

mM Tris, 200 mM KCl, 1 mM EDTA, and 0.02% Triton X-100, pH 7.5) for 30 min at 

room temperature. The flow channels were washed 5 times with 200 μL of HS buffer 

followed by a 30 min incubation at room temperature with 1 μM of a prehybridized 

biotinylated template with the following sequence: 5'-[BioTEG]-TAC AGA CTT 

AGT GGG GTA AAA CTA GCA TGA CTG ACT TCG TAC ATG ACT GAT GGT 
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CGA TAC TGA AAA CGA AGC GAT GGT ACT ATG GCG TTG GAG GCT CTG 

G-3'. The template hybridization was performed in HS buffer using 20 μM of a Cy5-

labeled primer complimentary to the 3' end of the template: 5'-[Cy5]-GGA CCA GAG 

CCT CCA ACG CCA TAG TAC C-3'. The hybridization was performed on a 

thermocycler (PTC-200, MJ Research) by stepwise temperature ramping from 70 ºC 

to 30 ºC at 0.1 ºC per sec. The temperature was maintained for 2 min every 10 ºC. The 

solution was stored at 4 ºC until use. The flow channels were washed 3 times with 

200 μL of HS buffer and once with 200 μL of 1X Bst buffer (20 mM Tris, 50 mM 

KCl, 4 mM MgSO4, 10 mM (NH4)2SO4, and 0.1% Triton X-100, pH 8.8). A solution 

containing 5 U/µL of Bst DNA polymerase large fragment (Epicentre 

Biotechnologies), 20 ng/µL of 250 nM SSB (United States Biochemicals), 0.05% BSA 

(Roche Applied Sciences) and 0.8 mg/mL of polyvinyl pyrrolidone (MW 360,000, 

Sigma-Aldrich) in 1X Bst buffer was introduced into each flow channel. The flow 

channels were incubated at room temperature for 30 min to allow the polymerases to 

bind to the primed templates prior to introduction of the dATP mixture. The dATP 

mixture consisted of either 250 nM, 500 nM, 1 μM or 2 μM of fluorescein-12-dATP 

(Perkin Elmer) in 1x Bst buffer containing 5 U/µL Bst DNA polymerase large 

fragment. The structure of the fluorescein-12-dATP is shown in Figure 5.1. 

TIRF microscopy is used to monitor incorporation of the labeled nucleotides 

by the DNA polymerase. The TIRF system is an objective-based system (see Section 

A.1). It consists of a fluorescence microscope (Axio Observer Z1, Carl Zeiss) with a 

TIRF slider (TIRF 3 Slider, Carl Zeiss), through which the laser excitation is 
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introduced into the objective. The TIRF angle can be rapidly changed using a 

piezoelectric motor to adjust a polarizing beam splitter. A 100x oil objective lens with 

a NA of 1.45 (alpha Plan-Fluar 100x/oil, Carl Zeiss) was used for both TIR laser 

excitation and fluorescence detection. A 473 nm DPSS laser was used as a light 

source. The laser is coupled to the TIRF slider by a polarization-preserving single-

mode broad-band optical fiber (kineFLEX, Point Source). Focus position was 

maintained during imaging using an autofocusing system (Definite Focus, Carl Zeiss) 

which uses 835 nm LED light reflected off the surface of the coverslip for focus 

feedback. Light from surface fluorescence passed through a dichroic beamsplitter with 

a 500 nm cut-off followed by a 503 nm to 547 nm bandpass interference filter 

(Semrock) and was captured by a cooled 1002 x 1004 pixel EMCCD (iXon+885, 

Andor Technology). 

A custom-built flow cell with temperature control was used for the kinetics 

measurements. The flow cell consists of a 1 mm thick 50 mm x 75 mm slide with 

holes for fluidic connection, double-side adhesive silicone tape precut with flow 

channels and the biotin derivatized coverslip described earlier. The flow cell was 

mounted to a temperature controlled device and placed onto the stage of the 

microscope. The device was preheated to 40 ºC and 1x Bst buffer was flowed through 

the chamber using a syringe pump and 9-port valve (Tecan Systems). A small air gap 

was introduced into the fluidics tubing and the dATP mixture was pulled into each 

flow channel. Time-lapse TIRF imaging was started as soon as the dATP reagent 

contacted the imaging surface. The 473 nm laser light intensity at the surface of the 
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coverslip was set at ~4 µW/mm2. Focus position was maintained during the imaging 

process using the autofocus system. The fluorescence images were taken using 50 ms 

exposure times and a 120 linear EM gain setting. Images were captured at various time 

points following completion of a focusing cycle of the Definite Focus hardware. Time 

points ranged from 2 sec to 300 sec. 

Images were processed using custom routines that utilized an image analysis 

software package, ImageJ89. Average image intensity was calculated at each time point 

using a circular region of interest. The intensity time course was plotted for each 

fluorescein-12-dATP concentration using MATLAB (MathWorks). A fit to an 

exponential curve was calculated using a nonlinear least squares method and the 

observed reaction rate (kobs) was extracted for each concentration. 

5.1.4 Results 

 
Figure 5.4 Hyperbolic Fit of Reaction Rates 
The observed reaction rate was plotted as a function of fluorescein-12-dATP (dATP-FITC) 
concentration and fit to a hyperbolic function of the form kobs=(k2[dNTP])/(KD+[dNTP]) where k2 is 
the turnover rate and KD is the dissociation constant given as the ratio of the off rate, k-1, to the on rate, 
k1. Adjusted R-squared of the fit is 0.8213. 
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Kinetics data was fairly smooth despite some background fluorescence from 

free fluorescein-12-dATP molecules. Kinetics data fit to exponential curves showed 

adjusted R-squared values ranging from 0.9757 to 0.9968. The kinetics curve for 2 μM 

fluorescein-12-dATP is shown in Figure 5.5 and resulted in a time constant of 10.1 

seconds. The fit of reaction rates to a hyperbolic function is shown in Figure 5.4 and 

has an adjusted R-squared of 0.8213. The KD for fluorescein-12-dATP was 

determined to be 5.81 µM which is in the lower range of the KM reported for natural 

nucleotides with various other DNA polymerases. However, the turnover rate was 

determined to be 0.374 sec-1, which is much lower than the turnover rate reported for 

natural nucleotides with other polymerases90-93. 

5.1.5 Discussion 

The determination of enzyme kinetics involving surface immobilized reactants 

is a useful tool for the development of many genomic and proteomic assays that 

 
Figure 5.5 Exponential Fit of 2 μM Fluorescein-12-dATP Reaction Time Course 
The accumulation of fluorescent product on a glass coverslip was monitored by TIRF imaging. Data 
was fit to an exponential curve of the form a·exp(-kobst)+c and then offset and normalized. Adjusted R-
squared of the fit is 0.9757. 
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typically utilize arrays of surface-bound molecules. We have demonstrated a technique 

to determine the kinetics of surface reactions in a single experiment. In particular, we 

have determined the affinity of fluorescently labeled dATP binding to Bst DNA 

polymerase as well as the turnover rate for fluorescently labeled dATP incorporation. 

The technique was only used with a fluorescent nucleotide concentration up to 2µM, 

but smooth kinetics curves may be achieved at even higher concentrations if the 

penetration depth of the evanescent wave of the TIR illumination is optimized to 

reduce excitation of free labeled nucleotides in the bulk solution. While the turnover 

rate of dye labeled nucleotides may be lower compared to natural nucleotides it 

appears that Bst DNA polymerase has a fairly high binding affinity for dye labeled 

nucleotides indicating that the non-terminating fluorescent nucleotide analog may be 

useful for genomic sequencing applications. 

One potential source of error in these kinetics measurements is the 

photobleaching that occurs during fluorescence imaging over extended time periods. 

We observed loss in fluorescence signal due to photobleaching at the ends of kinetics 

experiments once the reaction had gone to completion, however, these later time 

points were not used in estimation of reaction rates. The effect of photobleaching 

would tend to overestimate the actual reaction rate. To alleviate the problem of 

photobleaching we attempted to keep the exposure time as short as possible and 

minimize the excitation laser power while still maintaining accurate fluorescence 

detection. One option to reduce the effects of photobleaching is to use better dyes that 

are more stable in the presence of fluorescence excitation, such as the Alexa dyes 94. 
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An oxygen scavenging system may also be used to reduce photobleaching 95. Finally, 

a control feature containing a fixed number of the fluorescent molecules of interest can 

be added to the imaging surface before the start of a kinetics experiment. With a fixed 

amount of fluorescence on the control feature, the amount of photobleaching during an 

experiment can be determined and removed from the kinetics data computationally. 

An interesting variation of the Bst DNA Polymerase kinetics experiments 

described above is to use a mixture of labeled and unlabeled nucleotides. Using an 

appropriate kinetics model and varying the ratio of concentrations as well as the total 

nucleotide concentration, it may be feasible to extract the kinetics parameters for Bst 

DNA Polymerase incorporation of natural nucleotides onto a surface-bound DNA 

template. 

5.2 Fractional Labeling of DNA Templates 

Since the accurate labeling of DNA templates is critical to the implementation 

of nSBS (See Section 3.2.1) we need a method to determine the ratio of labeled 

nucleotides to native nucleotides in solution that would achieve a desired fractional 

labeling (e.g. 5%) of the DNA templates. Each custom nucleotide structure tested will 

have a unique ratio. Furthermore, each base type will also have a unique ratio. To 

eliminate errors due to dilution, once the ratio is determined, a bulk stock containing 

the desired ratio should be made. This will ensure consistent results over many 

sequencing cycles. 
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5.2.1 Kinetic Model of Fractional Labeling 

Intuitively, the degree of labeling (DOL) should be linearly proportional to the 

ratio of the concentrations of the labeled nucleotide to the natural nucleotide in 

solution. We can verify this using the following kinetics model: 
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where the terms with an asterisk indicate labeled nucleotide. Assuming an excess of 

the nucleotides relative to the number of DNA templates, the DOL is then given by the 

ratio of the reaction rates: 

 [ ]1 1n n
d dDOL Pol DNA Pol DNA
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Using the rate law and assuming nucleotide binding is always at equilibrium, this 

becomes: 
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Cleary the fractional labeling will be linearly proportional to the ratio of the free 

nucleotide concentrations and the constant of proportionality is dependent on the 

dissociation constants of the nucleotides, KD (Equation 5.5), and the turnover rate, k2. 

As the percentage of labeled nucleotide in solution is increased, the percentage of 

labeled nucleotide in the growing DNA template will increase. 
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5.2.2 Methods 

Primed DNA templates with DNA polymerase bound were prepared and 

immobilized as described previously (see Section 5.1.3) except that the surface 

contained 10 μm x 10 μm biotin islands with a 40 μm pitch rather than a continuous 

biotin lawn78. A summary of the experiment is diagramed in Figure 5.6. All 

polymerization steps and washing steps were performed as described in Section 5.1.3. 

Before any polymerization steps were performed, a control image was acquired in 

both the fluorescein and Cy5 fluorescence channels. Since the primer DNA had a Cy5 

label this provided verification of the presence of the immobilized and primed DNA.  

A polymerization step was performed using a mixture of 7.5 μM fluorescein-

12-dATP (Perkin Elmer) and 2.5 μM native dATP in 1x Bst buffer containing 5U/µL 

Bst DNA polymerase large fragment. The mixture was allowed to incubate at 40 °C 

for 6 min. Following the incubation, fluorescence images were acquired in the 

fluorescein channel. A second polymerization step was performed using 10 μM 

fluorescein-12-dUTP in 1x Bst buffer containing 5U/µL Bst DNA polymerase large 

fragment and allowed to incubate at 40 °C for 6 min. A final image was acquired in 

the fluorescein channel. All images were acquired using a 40x oil objective with NA 

1.46 (Carl Zeiss) and a cooled 1002 x 1004 pixel EMCCD (iXon+885, Andor 

Technology).with an exposure time of 100 ms and a linear EM gain of 30.  
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Images were processed as described previously (see Section 4.3). An average 

fluorescence intensity for the biotin islands of each image was calculated by 

integrating the fluorescence intensity of each island and dividing by the total number 

of islands. The SNR (see Section A.2) of the two polymerization steps was then 

calculated by subtracting out the fluorescence intensity from the control image and 

dividing by the standard deviation of the background section of the images between 

the biotin islands. This help normalized the results over the imaging cycles as the 

background fluorescence could have increased during the incubations. 

75% FITC-dATP

25% dATP

100% FITC-dUTP ?

dATP SNR: 1.15 dUTP SNR: 5.75
 

Figure 5.6 Fractional Labeling 
Surface immobilized DNA templates on 10 μM x 10 μM biotin islands with a 40 μm pitch undergo a 
polymerization reaction using a mixture of labeled and unlabeled nucleotides. This is followed by a 
polymerization reaction using 100% labeled nucleotides. Images are acquired and analyzed following 
each step to determine the degree of labeling that resulted from the mixture of labeled and unlabeled 
nucleotides during the first polymerization reaction. Measured fluorescence intensity from the images 
indicated a fractional labeling between 17% and 20% given a 3:1 ratio of labeled to unlabeled 
nucleotides in solution. 
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5.2.3 Results 

The control image before any polymerization reaction showed a significant 

amount of signal, potentially due to inorganic contamination from the destructive 

patterning used to create the biotin islands. After adjusting for this erroneous signal, 

the SNR following the first polymerization was 1.15 and the SNR following the 

second polymerization was 5.75. Depending on whether the polymerase was able to 

sequentially incorporate two labeled nucleotides onto the same DNA template, this 

indicated that the degree of labeling from the first polymerization step was between 

17% and 20%. The results are summarized in Figure 5.6. 

5.2.4 Discussion 

Presence of such a high signal in the control image indicates a need for an 

improved immobilization strategy. This erroneous signal greatly limits the detection 

sensitivity of the fractional labeling experiment. We will address this issue in 

Section 5.3.  

Since a ratio of 3:1 of the free labeled nucleotide concentration to unlabeled 

nucleotide concentration yielded a template labeling of 1:5 it is obvious that the DNA 

polymerase is more efficient at incorporating the natural nucleotide. This was 

expected from the kinetics experiments of Section 5.1 and the result of Equation 5.11. 

A fundamental limit of nSBS is inherent in Equation 5.11 and will limit the selection 

of cleavable fluorescently labeled nucleotides. If the constant of proportionality in 

Equation 5.11 is too small, there will be a large variation in the degree of labeling of 
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the DNA template for very small errors in the concentrations of the free nucleotides. 

Consistency across different batches of labeled/unlabeled nucleotide mixes will be 

reduced and could lead to an increase in read error as the base caller requires a priori 

knowledge of the degree of labeling. 

5.3 Surface Immobilization Chemistry 

An improved DNA immobilization strategy has been developed and tested for 

the implementation of nSBS. The immobilization strategy eliminates the biotin-avidin 

binding paradigm described previously (see Section 5.1.3) for a more robust covalent 

attachment chemistry78 providing a number of benefits, such as increased retention of 

template DNA over multiple sequencing cycles and cleaner surfaces. Furthermore, it 

allows for harsh dehybridization conditions to regenerate the template surface 

following a sequencing run so that multiple sequencing experiments can be performed 

on the same flow cell. 

5.3.1 Methods  

The strategy involves immobilizing polythymine single-stranded DNA to the 

surface. The derivatization process of the glass coverslips is identical to that described 

in Section 5.1.3. However, instead of functionalization using an NHS-Biotin 

compound, the coverslip is incubated in a solution containing 200 mM EDAC and 

20 mM Sulfo-NHS in 100 mM MES Buffer at pH 5.0 for 20 min. This activates the 

surface in preparation for coupling of amine-labeled DNA. The surface is then washed 

with 100 mM MES Buffer at pH 5.0. A 1 μM solution of a 50 base amine-labeled 
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polythymine oligonucleotide (5’-NH2-T50) in 0.1 M Sodium Phosphate Buffer at 

pH 7.2 is incubated on the surface for 1 hr. The surface is again washed with 100 mM 

MES Buffer at pH 5.0. Prior to assembly into the flow cell of the sequencing device 

(see Section 4.1) scratches were made along the length of the flow channels to provide 

a region of contrast for fluorescence imaging. 

Creation of the DNA templates on the surface of the coverslip begins by 

polyadenylation of a 100-base synthetic DNA template (nSBST) with the following 

sequence: 5’-C CAG AGC CTC CAA CGC CAT AGT ACC ATC GCT TCG TTT 

CTT TTG TTT TTC ATC AGT CAT GTA CGA AGT CAG TCA TGC TAG TTT 

TAC CCC ACT AAG TCT GTA-3’. The polyadenylation reaction mixture contained 

1 mM dATP, 5 μM ddATP, 250 μM CoCl2, 1 μM of nSBST and 1U/μL of Terminal 

Transferase (TdT, M0315L, New England Biolabs) in 1x TdT Reaction Buffer 

(20 mM Tris-acetate, 50 mM potassium acetate, 10 mM magnesium acetate, pH 7.9). 

The reaction was performed on a thermocycler (PTC-200, MJ Research) at 37 °C for 

30 min and terminated by heating to 90 °C for 10 min. The resulting product was 

visualized on a 6% polyacrylamide gel stained with SYBR gold (Invitrogen).  

A 20 μL volume of the 1uM polyadenylated nSBST DNA template was 

hybridized to the polythymine DNA on the surface of a flow channel by heating the 

device to 70 °C and then cooling to 20 °C using a linear temperature profile over 

15 min. Following hybridization, the flow channel was washed with 1x Bst Buffer 

containing 20 mM Tris-HCl, 50 mM KCl, 4 mM MgSO4, 10 mM (NH4)2SO4 and 

0.1% Triton X-100. A polymerization reaction was then performed using a 100 μM 
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dNTP mix and 4.8 U/μL rBst Large Fragment DNA Polymerase (New England 

Biolabs) in 1x Bst Buffer. This synthesized the reverse complement of the nSBST 

DNA template with a covalent linkage to the glass coverslip of the flow channel. The 

double-stranded DNA on the surface of the coverslip was then denatured by heating 

the device to 90 °C and flushing the flow channel with Formamide for 5 min leaving a 

single-stranded template on the surface of the glass coverslip. A 1 μM Cy5 labeled 

primer in 2x SSC was then allowed to hybridize to the surface by heating the device to 

75 °C and cooling to 20 °C using a linear temperature profile over 15 min. The primer 

sequence was: 5'-[Cy5]-GGA-CCA-GAG-CCT-CCA-ACG-CCA-TAG-TAC-C-3'.  

Fluorescence images were acquired before and after hybridization with the 

Cy5 primer. Imaging was performed in the Cy5 fluorescence channel using excitation 

light from a xenon arc lamp (Lambda DG-5, Sutter Instruments) with a 20x 0.8 NA 

dry lens on an Axio Observer Z1 microscope (Carl Zeiss). A 512 x 512 back-thinned 

EMCCD (iXon3 987, Andor Technology) captured the images with an exposure time 

of 100 ms and linear EM gain of 19.  

One flow channel was used as a positive control where a 1 μM poly-A Cy5 

oligonucleotide in 2x SSC was directly hybridized to the poly-T surface. Imaging was 

performed using the same settings on all flow channels. 
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5.3.2 Results  

Polyadenylation resulted in the addition of ~100-125 adenosine nucleotides as 

shown in Figure 5.7. The polyadenylation reaction showed extremely high efficiency 

and a very narrow length distribution of only 25 bases. 

Polymerization of the DNA template on the glass coverslip also showed a high 

level of efficiency as there was virtually no difference in measured fluorescence 

intensity between the strand extension channel and the positive control channel. A 

fluorescence micrograph from the strand extension channel is shown in Figure 5.8. 

 
Figure 5.7 Polyadenylation Polyacrylamide Gel 
A 100-base synthetic single-stranded oligonucleotide (left lane) was extended by polyadenylation. The 
polyadenylation product (center lane) had a 100-125 base poly-A tail. A DNA ladder (right lane) with 
25 bp steps was used to determine the length of the poly-A tail. 

100 bp 

200 bp 
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5.3.3 Discussion 

The surface immobilization strategy presented here is compatible with creation 

of DNA template arrays through destructive micropatterning78. One disadvantage of 

the proposed scheme is that it does not allow for cluster generation of different DNA 

templates as would be needed for genomic DNA sequencing. Adaptation of the 

process to include surface amplification such as rolling circle amplification or bridge 

PCR30, 96 is necessary. 

 
Figure 5.8 Synthesis of DNA Templates on a Glass Coverslip 
Fluorescence micrograph of a Cy5 primer hybridized to a DNA template immobilized on a glass 
coverslip. Scale bar is 100 μm. Image was captured on a 512 x 512 pixel back-thinned EMCCD with an 
exposure time of 100 ms and EM gain of 19. A 20x NA 0.8 dry objective lens was used. Signal-to-
background ratio is approximately 5.8:1 and SNR is approximately 108:1. 
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6 
Conclusions 

We have presented a novel DNA sequencing technology called natural 

sequencing by synthesis (nSBS) that utilizes the DNA synthesis process of DNA 

polymerase to determine the base sequence of genomic DNA fragments. The 

methodology is complementary to existing sequencing by synthesis technologies that 

have been fully commercialized, such as Illumina’s Genome Analyzer29. Our Monte 

Carlo simulations of nSBS have shown a potential for greatly increase read lengths 

over existing technologies. Furthermore, preliminary experiments on the kinetics of 

labeled nucleotide incorporation show the potential for reduced run times compared to 

technologies that utilize 3’ terminated nucleotides. 

We plan to further investigate nSBS by measuring the ability to discriminate 

different length homopolymers. This is a critical requirement for the validation of 

nSBS. While the challenges of homopolymer detection with nSBS are similar to the 

challenges that have been overcome by pyrosequencing, which was commercialized 

by 454/Roche, we expect new challenges as the DNA polymerase may show fractional 

labeling bias based on sequence context. We are confident that these problems can be 



77 

 

mitigated through computational analysis of large amounts of sequencing data to 

provide high-accuracy homopolymer calls. 

The future utility of amplified DNA sequencing technologies has been 

challenged by various single-molecule sequencing methods36, 37, 40-44. However, single-

molecule sequencing suffers from the stochastic properties inherent in diffusion, 

chemical reactions, and detection of photons or electrons that greatly limits accuracy. 

For this reason it is likely that amplified sequencing will remain the workhorse 

technology for high-throughput low cost human genome resequencing for years to 

come.  

Other applications, however, can greatly benefit from single-molecule DNA 

sequencing approaches. For example, the identification of epigenetic modifications to 

DNA may be critical in fully understanding how a genome is processed for the 

expression of proteins inside a cell. This epigenetic information from genomic DNA is 

typically lost during the amplification process and, therefore, single-molecule 

detection methods may be necessary to extract this information. De novo cancer 

genome sequencing may also require the long read lengths and low genome copy 

number afforded by single-molecule methods. We are currently utilizing FRET 

imaging for the development of single-molecule DNA sequencing technologies. The 

reader should refer to the appendices of this dissertation for an analysis of single-

molecule fluorescence detection and FRET. 
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A 
Single-Molecule Imaging 

The ability to detect fluorescence from a single molecule is predicated on the 

ability to suitably limit background signal read by the detector while capturing a 

substantial amount of the fluorescence generated by the single molecule. 

A.1 Total Internal Reflection Fluorescence Microscopy 

Total internal reflection fluorescence (TIRF) microscopy is an imaging 

technique that restricts the observation volume to reduce background fluorescence and 

increase the signal-to-noise ratio (SNR). With conventional epifluorescence, the 

excitation light passes through the coverslip and illuminates not only the sample on the 

coverslip surface, but also the entire volume beyond the sample. Any excitation light 

that goes beyond the fluorescent sample could be scattered and add to noise while 

providing no gain in signal. The goal of TIRF imaging is to limit that excitation 

volume. Generally, when light reaches an interface between two materials with 

different indices of refraction the light will refract. However, if the angle of incidence 

is large enough, the light will be completely reflected. The minimum angle at which 

TIR occurs is called the critical angle and is given by: 
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for light transitioning from a material with index of refraction n2 to a material with 

index of refraction n1 such that n1< n2. When TIR occurs, an evanescent wave is 

formed and extends a limited distance (e.g. 200 nm) from the interface. The intensity 

of the evanescent wave varies exponentially along the z-axis and is given by: 
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θI is the angle of incidence and λ0 is the wavelength of the incident light in a vacuum. 

For illumination with p-polarized light with incident intensity IP, the intensity at the 

interface I(0) is higher than IP and is given by: 
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By adjusting the angle of incidence, the intensity of a particular wavelength of light at 

a given depth can be controlled97-99. 

Two standard implementations of TIRF microscopy are prism-based TIRF and 

objective-based TIRF. Objective-based TIRF is more convenient since the objective 

lens is used for both excitation and emission light paths, whereas prism-based TIRF 

has an additional optical component: a prism. The prism is typically placed on the 

sample on the opposite side the objective lens. For objective-based TIRF, the 
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excitation beam is focused on the back focal plane of the objective. The further the 

focused point from the optical axis of the objective, the larger the angle of incidence 

of the excitation source. Since large incident angles (~70o) are required for TIR, the 

objective lens used for objective-based TIRF must have a very high numerical 

aperture (NA>1.45), which is only possible with oil lenses (See Appendix A). In 

situations where use of a high-NA lens is not possible (e.g. cost prohibitive or small 

working distance), prism-based TIRF offers compatibility with any objective lens. 

A.2 Signal-to-Noise Ratio 

There are three main contributors to background noise: 

1) Rayleigh scattering at the wavelength of incident light 

2) Raman scattering at various wavelengths 

3) Electronic noise from the detector 

A.2.1 Rayleigh Scattering 

Rayleigh scattering at the incident wavelength can be sufficiently eliminated 

with the use of optical filters. The number of scattered photons hitting a detection 

element is given by: 
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in which P is the power of the light source, λ is the wavelength of light, h is Planck’s 

constant, c is the speed of light, FN is the field number of the microscope, w is the 
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width of a square pixel on the detector, and η is the efficiency of photon scattering 

back to the detector. As an example we consider a 10 mW laser source emitting 

488 nm light with FN=25 mm, t=0.03 s, w=16 um. If we assume that one photon in 

every million is scattered back to the detector, then η=10-6. Under these conditions the 

number of photons hitting the detector pixel will be about 400. Given that attenuation 

from a band pass filter is 10-5 to 10-7, contribution from Rayleigh scattered light should 

be insignificant in most cases. 

A.2.2 Raman Scattering 

Raman scattering is the most challenging obstacle to overcome for detection of 

single-molecule fluorescence. It occurs as a result of the interaction of the incident 

light with solvent molecules and substrate molecules (e.g. glass) and can be present at 

a variety of wavelengths. Furthermore, these wavelengths may lie within the band-

pass region of any optical filters used and are, therefore, hard to eliminate. However, 

TIRF microscopy has the ability to significantly limit the excitation volume so that 

incident light has less solvent molecules with which to interact resulting in less Raman 

scattering. For a given solvent the Raman scattered light will occur at wavelengths 

according to: 

 

0

1
1λ

ν
λ

=
−

 A.6 

where λ0 is the wavelength of incident light and ν  is the wavenumber for the Raman 

shift. We consider only the Stokes-shifted spectrum because the anti-Stokes shifted 
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spectrum will be significantly weaker due to less molecules being in the higher 

vibrational energy levels of the ground state. 

If the peak wavenumber for water is 3400 cm-1 and the incident light is 488 nm 

then there would be a peak in the scattered light occurring at 585 nm. There is also a 

weak feature in the Raman spectrum of water at 1650 cm-1 that will result in scattered 

light at 531 nm. In general, the full spectra of all solvent molecules should be analyzed 

to see what wavelength of scattered light could reach the detector. 

The amount of light absorbed by a molecule is characterized by its cross-

section for absorption σA (in units of cm2) given by: 

 1000 ln(10)
A

AN
εσ =  A.7 

where ε is the molar extinction coefficient (in units of M-1cm-1) and NA is Avagadro’s 

number. For a single molecule we can use Equation A.7 to approximate the number of 

photons absorbed as: 

 1000 ln(10)A

FOV FOV A

P Pn t t
hc A hc A N

σλ λ ε      = =      
      

 A.8 

where AFOV is the illuminated area given by: 

 
2

4FOV
FNA
M

π  =  
 

 A.9 

FN is the microscope field number and M is the objective magnification. In 

Equation A.8, Pλ/hc is the number of incident photons per second over AFOV and t is 
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the exposure time. We can use the Beer-Lambert Law to determine the number of 

photons absorbed by the solvent as follows:  
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where C is the molar solvent concentration, l is the excitation path length in cm and d2 

is the single-molecule detection area in cm2. In the best case of diffraction limited 

optics, d is given by: 

 0.61d
NA

λ
=  A.11 

where NA is the numerical aperture of the objective lens. The approximation in 

Equation A.10 comes from the Maclaurin series expansion of the exponential function 

and is only valid for thin excitation slices as exists with TIRF. An extra approximation 

is made when using this formula for TIRF imaging since the power of the evanescent 

wave falls off exponentially with distance from the surface as given by Equation A.2. 

The power P in Equation A.10 would then be the average power within that 

penetration depth of the evanescent wave. Notice the relationship between Equation 

A.10 and Equation A.8 given that (CNAld2/1000) is the number of solvent molecules 

in the excitation volume.  



84 

 

A.2.3 Electronic Detection Noise 

With the improvement of EMCCD camera technology the noise contribution 

from detector electronics has been greatly reduced to allow for the detection of single 

photons. The detection noise arises from three mains sources: 

1) Read noise from the analog to digital conversion 

2) Dark current 

3) Clock induced charge 

The first source of noise from the analog to digital conversion is easily eliminated by 

use of electron multiplication which amplifies the signal from individual photons over 

the readout noise. The remaining sources cannot be eliminated by the electron 

multiplication because they are amplified along with the fluorescence signal. The dark 

current on the CCD chip is effectively reduced below other noise sources by cooling 

the cameras to below -90 oC. The clock induced charge introduces background noise 

and is especially visible when high EM gains are used, resulting in random pixel 

spikes throughout the image. This noise can be mitigated by reducing vertical shift 

times during the frame transfer event but still represents the most significant 

contribution to background noise for single-molecule fluorescence detection. If the 

fluorescence signal is significantly large, a lower EM gain can be used to detect it, and 

thus, will reduce the overall effect from clock induced charge.  
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A.2.4 Incident Light Power 

Photoelectron arrival to a detector follows the Poisson distribution where the 

variance is equal to the mean. This gives the following formula for the SNR, using 

Equations A.8 and Equation A.10 to calculate the fluorescence signal and signal from 

Raman scattering, respectively: 
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where D is the instrument excitation and detection efficiency (see Section A.3), Φ is 

the quantum yield of the fluorescent dye and ND(t) is the detector noise over the 

exposure time t. Note that Equation A.12 assumes that all the photons absorbed by the 

solvent will undergo Raman scattering and reach the detector. This is a worst case 

scenario. For a more thorough analysis the Raman spectra must be analyzed along 

with the spectral attenuation from the detection light path (emission filter, dichroic 

mirror, objective lens etc.). If we further assume that the detector noise contribution is 

small compared to Raman scattered light, Equation A.12 simplifies to: 
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An interesting result from Equation A.13 is that the SNR scales linearly with the 

square root of the excitation power. However, a limitation on the excitation power is 

set by the photobleaching lifetime of the fluorescent dye.  

A.3 Efficiency of a Fluorescence Microscope 

The purpose of a fluorescence microscope is to uniformly excite a field of 

fluorophores while simultaneously capturing and digitizing the quantity and spatial 

distribution of their fluorescence emission. Many components within the microscope 

contribute to the overall efficiency of excitation and detection. Here we provide a 

computational model of these components. A software program written in MATLAB 

(MathWorks) to implement the model and display its results for a variety of 

experimental conditions is presented in Section B.3. 

A.3.1 Fluorophore Excitation Efficiency 

When illumination occurs through an objective lens, the excitation light source 

will first pass through an excitation filter before reflecting off a dichroic mirror and 

then passing through the objective lens to reach the sample. Given the normalized 

light source spectrum, Ssource(λ), the excitation filter transmittance spectrum, Tex(λ), 

the dichroic reflectance spectrum, Rd(λ), and the objective lens transmittance 

spectrum, Tobj(λ), the spectrum for the efficiency of conversion of excitation at the 

source to excitation light at the sample is given by: 

 ( ) ( ) ( ) ( ) ( )sample source ex d objS S T R Tλ λ λ λ λ= ⋅ ⋅ ⋅  A.14 
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If we take a light power measurement reading at the sample, P, and convert to photons 

per second, the excitation light intensity spectrum at the sample becomes: 
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where AFOV is given in Equation A.9. If we know the molar extinction coefficient of 

the dye, εmax, at a particular wavelength, λmax, and we have the absorption spectrum of 

the dye, Adye(λ), then the molar extinction coefficient spectrum is given by: 

 max
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 A.16 

Using Equation A.8 and Equation A.16 we can determine the photon absorption rate 

for a fluorophore as: 

 ( )
0

ln(10)( ) 1000
sampl

A
A en I d

N
λ ε λ λ

∞ ⋅
= ⋅⋅∫  A.17 

A.3.2 Photon Collection and Detection Efficiency 

The main component of the microscope that contributes to collection 

efficiency is the objective lens. The amount of light collected by the objective lens can 

be quantified by its numerical aperture (NA). The relationship between NA and the 

half-angle, α, of the cone of light collected from a single fluorophore is given by: 

 sin sinlens sampleNA n nα α′= =  A.18 
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where nlens is the index of refraction of the medium in contact with the front of the 

lens, α′ is the lens acceptance half-angle in this medium and nsample is the index of 

refraction of the medium in which the fluorophore is located. For dry lenses and oil 

immersion lenses, the fluorophore should be located close to the surface of a glass 

coverslip. The medium of the sample is typically either air (nsample=1), water 

(nsample=1.33), or glass (nsample =1.518) in the case where the sample is in direct 

contact with the glass coverslip. For a water immersion lens we would have 

nsample=1.33. If we assume the fluorophore emits light equally in all directions, then, 

referring to Figure A.1, the fraction of light collected by the objective lens is: 
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Substituting in Equation A.18 gives: 

 
Figure A.1 Solid Angle 
We can calculate the surface area (solid angle) subtended on a unit sphere by a cone with half angle, α, 
by integrating small surface elements. With r=1, we integrate φ from 0 to α and θ from 0 to 2π. 
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Table A.1 gives some examples of the light collection properties of different types of 

objective lenses. Note that the critical angle in Equation A.1 must be smaller than α if 

a lens is going to be used for objective-based TIRF. In the case where a glass coverslip 

(n=1.518) interfaces with water (n=1.33) the critical angle is ~61° so the 40x oil lens 

in Table A.1 cannot be used for objective-based TIRF whereas the 100x oil lens can. 

To reach the detector the photons from fluorescence must pass through the 

objective lens, through the dichroic mirror and through the emission filter. At the 

detector, photon counts are digitized. Using Equation A.17 and the quantum yield of 

the dye, Φ, the photon detection rate is then given by: 

 detect A detectn eI = ⋅Φ⋅  A.21 

where edetect is the detection efficiency of the microscope given by: 

 Lens NA nlens α′ nsample α f 

 20x dry 0.8 1 53° 1.518 32° 7.5% 

 40x oil 1.3 1.518 59° 1.518 59° 24% 

 100x oil 1.46 1.518 74° 1.518 74° 36% 

 63x water 1.3 1.33 78° 1.33 78° 39% 

Table A.1 Comparison of Objective Lens Collection Efficiencies 
The collection efficiencies, f, of three different lens types (dry, oil immersion, and water immersion) are 
compared. Sample NAs and refraction indices were chosen for illustrative purposes. Angles were 
calculated using Equation A.18. 
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Edye(λ) is the normalized emission spectrum of the dye, Td(λ) is the dichroic 

transmittance efficiency spectrum, Tem(λ) is the emission filter transmittance 

efficiency spectrum and QEcamera(λ) is the quantum efficiency spectrum of the camera. 
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B 
Förster Resonance Energy Transfer 

When the emission spectrum of one dye, the donor, overlaps with the 

absorption spectrum of another dye, the acceptor, the energy from the photons 

absorbed by the donor can be transferred to the acceptor in a process called Förster 

resonance energy transfer (FRET). Since FRET is very sensitive to changes in the 

separation distance between the donor and the acceptor, it can be used to acquire 

valuable information on the molecular dynamics of individual molecules. The 

technique has been used widely in the biological sciences and has been a valuable 

research tool for the development of next-generation DNA sequencing technologies13, 

36. Its use is currently being investigated for DNA sequencing by measuring 

conformational changes of a DNA polymerase during nucleotide incorporations. 

B.1 FRET Theory 

The efficiency of the energy transfer is dependent on the separation distance, r, 

between the two dyes as follows: 
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where R0 is the Förster radius for the two dyes given by: 
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κ2 is the dipole orientation factor ranging from 0 to 4 (typically assumed to be 

2/3), ΦD is the fluorescence quantum yield of the donor in the absence of the 

acceptor, n is the refractive index of the medium, ED(λ) is the normalized emission 

spectrum of the donor and εA(λ) is the molar extinction coefficient spectrum of the 

acceptor. 

B.2 Experimental Determination of FRET Efficiency 

We can use Equation B.1 to calculate the separation distance between two dyes 

at any given time if we can first determine the FRET efficiency, EFRET. Here we will 

describe how the FRET efficiency is measured in a typical experiment. 

B.2.1 Two Camera Imaging 

A typical FRET experiment requires fluorescence measurements of both the 

donor dye and the acceptor dye simultaneously. This can be achieved by splitting the 

fluorescence from two dyes onto two separate cameras, one for the donor and one for 

the acceptor, using an image splitting dichroic. The flatness requirement for an image 

splitting dichroic is higher than that for the excitation dichroic since an image reflected 

off a dichroic mirror can exhibit significant wavefront distortion while an image 

transmitted through a dichroic mirror undergoes very little aberration. The sequencing 
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device described in Chapter 4 is capable of simultaneous acquisition of multiple 

fluorescence channels by multiple cameras. 

An important experimental consideration when performing two camera 

imaging is to ensure that donor and acceptor fluorescence images correlate spatially. 

Without spatial correlation between the images, the FRET efficiency cannot be 

calculated accurately. While the two cameras can be roughly aligned to each other by 

adjustment of x, y, z and θ mounts, the alignment accuracy can be further improved 

using computational image processing. Both translational and rotational alignments 

are considered here. 

When two images differ only by shifts in the x and y directions, proper 

alignment can be achieved using the 2D cross-correlation. The (x,y) shift pair that 

gives the highest correlation value indicates the translational deviation between the 

two images. The 2D cross-correlation can be efficiently computed using the 

correlation theorem: 

 ( ) ( ){ }1
1 2 1 2 I I I I− ∗× = ⋅F F F  B.3 

where I1 × I2 is the cross-correlation between image 1 and image 2, F(I1) is the 2D 

Fourier transform of image 1 and F*(I2) is the complex conjugate of the 2D Fourier 

transform of image 2 and F -1 is the inverse 2D Fourier transform operator. The 2D 

Fourier transform can be efficiently calculated on a computer using the Fast Fourier 

Transform (FFT) algorithm. Figure B.1 shows an example of the translational 

alignment process. 
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The rotational alignment problem in 2D can be converted to a 1D translational 

alignment problem using two steps. The first step is called the polar transformation 

where radial slices of an image appear sequentially along the x-axis of the resulting 

image. The x-axis of the polar image then represents the θ-axis in the original image 

and the y-axis of the polar image represents the radial axis in the original image. Any 

rotational deviations between the two original images will appear as a translational 

deviation along the x-axis between the polar images. To isolate this deviation along 

the x-axis, the 2nd step is to perform a y-projection of the polar images. The resulting 

1D signal represents the radial projection of the original image. Now, the maximum in 

the 1D cross-correlation between the two radial projections will indicate the rotational 

deviation between the two original images. Figure B.2 shows an example of the 

rotational alignment process. 
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Figure B.1 Translational Image Alignment 
The 2D cross-correlation is computed using the FFT. The maximum intensity value in the 2D cross-
correlation image occurs at 50 pixels to the left of center and 75 pixels above center indicating the 
translational deviation in the x and y directions, respectively. 
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When two images differ by both translation and rotation, as is typically the 

case in two camera imaging, the two alignments cannot simply be performed 

independently. The solution to this problem utilizes the 2D auto-correlation which is 

simply the cross-correlation of an image with itself. An interesting property of the 2D 

auto-correlation that we take advantage of is that the resulting image is independent of 

any translational changes in the original image. That is, two images that differ only by 

a translation will have identical 2D auto-correlations. By converting the original 

images using the 2D auto-correlation we essentially eliminate any deviations that may 

have resulted from translational deviations. This allows us to determine the rotational 

deviation between the original images regardless of what the translation deviation is.  

Given the 2D auto-correlations of the original images we can perform the 

rotational alignment process described earlier to determine the angle of rotational 

deviation. We can correct for this rotational alignment in the original images. Now, 
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Figure B.2 Rotational Image Alignment 
A polar transformation is performed on the original images. The polar images are then projected in the 
y-axis to form the radial project. The peak in the 1D correlation of the radial projections represents the 
angle of rotational deviation between the two original images. 
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the rotation-corrected versions of the original images can only deviate through 

translation and we can perform the translational alignment process described earlier. 

With the two cameras properly aligned we are ready to measure the fluorescence 

intensity of a donor dye and an acceptor dye that are in close proximity to each other. 

B.2.2 Apparent FRET 

Fluorescence signals measured during a FRET experiment represent an 

ensemble fluorescence measurement since fluorescence emission can reach the 

detector in a variety of ways. The true FRET signals must be extracted from these 

ensemble measurements by subtracting out the unwanted fluorescence signals. The 

scenarios contributing to unwanted fluorescence signals can typically be ordered by 

decreasing magnitude as follows: 

(I) leakage of donor emission into the acceptor channel 

(II) acceptor emission in the acceptor emission channel resulting from direct 

excitation of the acceptor 

(III) leakage of acceptor emission into the donor emission channel, where the 

acceptor emission is caused by FRET from the donor. 

(IV) leakage of acceptor emission into the donor emission channel, where the 

acceptor emission is caused by direct excitation of the acceptor. 

For typical FRET pairs, only the crosstalk in case I is significant and the others are 

typically ignored100. Proper correction for cases II-IV can be performed, but is beyond 

the scope of this dissertation. The crosstalk in case I, however, can be modeled by a 

crosstalk factor, CrI, which can be then be experimentally measured as the ratio of 
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acceptor emission intensity to donor emission intensity when a donor molecule is 

excited in the absence of an acceptor molecule. The factor CrI can also be computed 

by analysis of the microscope light collection and detection efficiencies as described 

in Section A.3.2.  

We will call the measured fluorescence intensity after background subtraction 

the observed intensity and the intensity after correcting for unwanted fluorescence the 

apparent intensity. Since we are ignoring cases II-IV, the observed intensity in the 

donor emission channel, ID,obs, is equal to the apparent intensity in the donor emission 

channel, ID,app. and the apparent intensity in the acceptor emission channel is: 

 , , ,A app A obs I D appI I Cr I= −  B.4 

We can then calculate what we will refer to as the apparent FRET efficiency as 

follows: 

 ,

, ,

A app
app

A app D app

I
E

I I
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+
  B.5 

B.2.3 Real FRET 

The apparent FRET efficiency in Equation B.5 is not the real FRET efficiency 

because it does not take into account the differences in the quantum yields and 

detection efficiencies between the dyes. To understand this issue further we setup a 

system of equations as shown in Figure B.3. Solving for EFRET in terms of ID,app and 

IA,app we get: 
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where the correction factor γ is given by: 
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Figure B.3 FRET Efficiency 
Excitation light (yellow line) energy is absorbed by a donor dye, Dye 1, raising it from a ground state 
(lower dashed line) to an excited state (upper dashed line). The rate of this absorption is given by, ID,abs. 
A fraction of this energy, EFRET, is transferred to (i.e. absorbed by) an acceptor dye, Dye 2. The energy 
transfer is shown in purple with a rate given by IA,abs. Energy absorbed by the acceptor is converted into 
fluorescent light (red lines) at a rate given by IA,fluor. The efficiency of this conversion is called the 
quantum yield of the acceptor, ΦA. The measured rate of acceptor fluorescence by a camera, shown on 
the bottom, depends on the detection efficiency of the microscope in the acceptor emission channel, eA, 
and is given by IA,app. A fraction of the energy absorbed by the donor that is not transferred to the 
acceptor can become donor fluorescence emission (green lines). The rate of donor fluorescence is given 
by ID,fluor and depends on the quantum yield of the donor, ΦD. Finally, the measured rate of the donor 
fluorescence depends on the detection efficiency of the microscope in the donor emission channel, eD, 
and is given by ID,app.  
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eA and eD are the acceptor and donor detection efficiencies, respectively (see Equation 

A.22) and ΦA and ΦD are the acceptor and donor quantum yields, respectively100, 101. 

The correction factor, γ, can be computed using Equations B.7 and A.22 or 

experimentally determined by measuring both the decrease in acceptor emission 

intensity and the increase in donor emission intensity upon acceptor photobleaching. 

When the acceptor photobleaches, EFRET becomes zero such that the energy that was 

originally emitted by the acceptor in the acceptor emission channel is now emitted by 

the donor in the donor emission channel. This provides a direct way to measure the 

difference in quantum yields and detection efficiencies between the two dyes. Using 

this photobleaching experiment, the correction factor is given by: 

 ,
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A app

D app
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I

γ
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=
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 B.8 

B.3 Modeling Software 

To simplify the design of any experiment involving fluorescence measurement 

and, specifically, to assist in determining various parameters used in FRET 

experiments, the models presented in the appendices of this dissertation have been 

incorporated into a software application written in MATLAB (MathWorks). A 

screenshot of the software GUI is shown in Figure B.4. The software has two modes, 

one for single dye experiments and one for FRET experiments. An enormous 

collection of spectral data on numerous light sources, filters, dichroics, dyes, objective 

lenses and cameras from various manufactures has been compiled so that each 
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parameter can be selected, as appropriate, using pull-down menus. This gives a user 

the ability to fully customize and optimize an experiment involving fluorescence 

measurements. 

The software can be used to correct for the various sources of unwanted 

fluorescence signal and for calculating the correction factor, γ as described in Section 

B.2.2 and Section B.2.3. Furthermore, since the software calculates the actual number 

of photons per second collected in each fluorescence channel, the user can modify 

various settings such as incident excitation power, FOV area, and FRET separation 

distance to see how they affect the photon counts. The software will not only be an 

 
Figure B.4 Microscopy Modeling Software 
A fluorescence microscopy modeling applet was developed in MATLAB. The applet displays useful 
information for performing fluorescence measurements with a single dye or two dyes for FRET 
experiments. The user can adjust various settings such as objective lens, camera and filters to optimize 
the fluorescence imaging process. 
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invaluable tool for DNA sequencing research, but is also broadly useful in any field 

requiring fluorescence measurements. 
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