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Abstract

DNA, the blueprint of life, is more than a carrier of genetic information. It offers

a highly programmable substrate that can be used for computing, nanorobotics,

and advanced imaging techniques. In this work, we use the programmable nature

of synthetic DNA to engineer two novel applications. In the first part, DNA is

programmed to improve the multiplexing capabilities of a fluorescence microscope

while in the second part, we design a novel DNA computing architecture that uses

a strand displacing polymerase enzyme. This thesis is a collection of 2 experimental

papers, 3 theory papers, and 1 software paper. The general theme of this thesis is to

exploit the programmable nature of DNA to develop new applications for the wider

field of molecular biology, nanoimaging, and computer science and engineering.

Optical multiplexing is defined as the ability to study, detect, or quantify mul-

tiple objects of interest simultaneously. There are several ways to improve optical

multiplexing, namely, using orthogonal wavelengths, multiple mesoscale geometries,

orthogonal nucleic acid probes, or a combination of these. Most traditional techniques

employ either the geometry or the color of single molecules to uniquely identify (or

barcode) different species of interest. However, these techniques require complex sam-

ple preparation and a multicolor hardware setup. In this work, we introduce a time-

based amplification-free single-molecule barcoding technique using easy-to-design nu-

cleic acid strands. A dye-labeled complementary reporter strand transiently binds to

the programmed nucleic acid strands to emit temporal intensity signals. We program

the DNA strands to emit uniquely identifiable temporal signals for molecular-scale

fingerprinting. Since the reporters bind transiently to DNA devices, our method offers

relative immunity to photobleaching. We use a single universal reporter strand for

all DNA devices making our design extremely cost-effective. We show DNA strands
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can be programmed for generating a multitude of uniquely identifiable molecular

barcodes. Our technique can be easily incorporated with the existing orthogonal

methods that use wavelength or geometry to generate a large pool of distinguishable

molecular barcodes thereby enhancing the overall multiplexing capabilities of single-

molecule imaging. The proposed project has exciting transformative potential for

nanoscale applications in fluorescence microscopy and cell biology since the devel-

opment of temporal barcodes would allow for applications such as sensing miRNAs

which are largely associated with disease diagnosis and therapeutics.

The regulation of cellular and molecular processes typically involves complex bio-

chemical networks. Synthetic nucleic acid reaction networks (both enzyme-based

and enzyme-free) can be systematically designed to approximate sophisticated bio-

chemical processes. However, most of the prior experimental protocols for chemical

reaction networks (CRNs) relied on either strand-displacement hybridization or re-

striction and exonuclease enzymatic reactions. These resulting synthetic systems

usually suffer from either slow rates or leaky reactions. This work proposes an alter-

native architecture to implement arbitrary reaction networks, that is based entirely

on strand-displacing polymerase reactions with nonoverlapping I/O sequences. First,

the design for a simple protocol that can approximate arbitrary unimolecular and

bimolecular reactions using polymerase strand displacement reactions is presented.

Then these fundamental reaction systems are used as modules to show large-scale ap-

plications of the architecture, including an autocatalytic amplifier, a molecular-scale

consensus protocol, and a dynamic oscillatory system. Finally, we engineer an in

vitro catalytic amplifier system as a proof-of-concept of our polymerase architecture

since such sustainable amplifiers require careful sequence design and implementation.
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Chapter 1

Introduction to DNA nanoscience

1.1 DNA 101

Deoxyribonucleic acid (DNA) is naturally found in the human body as a source for storing

information i.e. it is the blueprint of each species. It is a polymer which contains a long

chain of nucleotide covalently linked to each other through the sugar and phosphate groups.

There are four types of nucleotide (or bases), namely, Adenine (A), Guanine (G), Cytosine

(C), and Thymine (T). There is also the notion of directionality in DNA and with the

right direction, there exists A can bind with T and G can bind with C base. This bonding

is referred to as hydrogen bonding (H-bond), sometimes also referred to as Watson-Crick

base pairing since the duo discovered the structure of DNA [WC+53]. Note that G-C bond

is stronger than A-T bond since guanine and cytosine share three hydrogen bonds while

thymine and adenine share two hydrogen bonds. Sometimes mismatched base pairing (A-G

or G-T) can also occur although it is much weaker [ITWI87]. The directionality of DNA

is identi�ed from the orientation of phosphate and hydroxyl groups at the ends of the

polynucleotide chain. The free phosphate group at the end is 5’ end while the free hydroxyl

group at the other end is 3’ end. Therefore, DNA is directed either 5’ to 3’ or from 3’ to 5’,

however for H-bond between two single-stranded DNA (ssDNA), the strands should have

complementary bases and antiparallel direction.

1.2 History of DNA computing

The �eld of DNA computing was invented with the �rst experimental demonstration by

Adleman in 1994 who solved the Hamiltonian path problem on a small directed graph [Adl94].
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Figure 1.1 : Deoxyribonucleic acid. (a) The chemical structure of DNA representing
key ideas, such as, directionality of DNA, hydrogen bonding, sugar phosphate back
bone and chemical structure of nucleotide. (b) Abstract representations (domain
level and sequence level) of DNA used in the nanoscience community. The shaded
region indicates hydrogen bonding and the arrows indicate 50 to 30 direction.

To represent edges and vertexes, he used DNA strands and their hydrogen bonding prop-

erty. The early goals of the �eld of DNA computing were to possibly solve the problems

that are computationally di�cult i.e. those whose computation time is identi�ed to grow

exponentially as the input size grows. The optimism mainly derived from the highly par-

allel computing paradigm that DNA has to o�er. A small well-mixed solution of DNA

strands contains trillions of copies of the same strands that all compute at the same time.

While it was known that the number of required DNA strands would grow exponentially,

the hope was to �nd a better DNA algorithm that can e�ectively solve a computationally

hard problem without requiring an astronomical number of DNA strands. Additionally, it

was also known that there was a certain error in the computation and as the computation

size grows, the amount of error in computation would also grow. However, these were

interesting areas of exploration. This early endeavor spawned the explorations of several

exciting areas, namely, DNA-based logic computing, DNA storage [Bau95], DNA-based

cryptography [Lip96], and DNA tiles and self-assembly [WLWS98].
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1.3 Major research areas in DNA nanoscience

In this section, we will brie
y introduce several exciting areas of DNA nanoscience and

provide key references to the �eld. This is not an exhaustive list but should rather serve as

a starting point for an introduction to DNA nanoscience and computing.

1.3.1 Structural DNA self-assembly

Although the �rst DNA computing demonstration was in early 90's, the �eld of DNA

nanoscience was born almost one to two decades earlier by Ned Seeman who envisioned

sophisticated crystal structures made of DNA [KMS83]. His lab envisioned the develop-

ment of nanochips and nanorobotics which required careful programming of DNA strand.

DNA computing demonstration by Adleman is a direct progeny of these early e�orts and,

therefore, Ned Seeman is also referred to as the father of DNA nanotechnology [See05].

The �eld that originally Seeman started is now called structural DNA nanoscience where

the goal is to build great mesoscale DNA structures using bottomup self-assembly of single

DNA strands. This �eld has demonstrated extremely tiny nanostructures (a few nanome-

ters tall) to humongous structures using thousands of DNA strands (several micrometers

tall) [TPQ17, Rot06, WDY12, KOSY12, MSV + 14]. Structural self-assembly is still the

most popular area of research in DNA nanoscience.

1.3.2 Tile-assembly based DNA computation

While Adleman's seminal paper demonstrated the possibility to solve computationally chal-

lenging problems, he also pointed out that the naive approach used to solve the directed

graph problem will require an exponentially large number of DNA strands, as the prob-

lem size grows [Adl94]. This lead to the �eld of tile-assembly [GCG+ 15, SDG15, LYK+ 00,

WLWS98, MLRS00] where the goal is to use a small set of DNA strands with sticky ends and

solve problems by growth, especially since the tile assembly model (based on Wang tiles) is

Turing universal [WLWS98]. There is a large variety of tiles implemented using DNA struc-
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tures such as double crossover (DX) [WLWS98], triple crossover (TX) [MLRS00], holiday

junctions [MSS99], etc. The computational power of tile assembly, as well as di�erent ther-

modynamic models for tile assembly, is also a growing body of literature [SDG15, Dot12].

A recent large-scale experimental demonstration of DNA self-assembly was reported that

computed a dozen algorithms with the same set of DNA tiles, nearly two decades after

early works [WDM+ 19].

1.3.3 Chemical reaction networks using DNA

The reaction network has traditionally been used to model the mass-action kinetics in a well-

mixed solution. However, an orthogonal way to look at reaction networks is to use them as a

programming language to generate the desired phenomenon. In particular, this is possible

as DNA can be used as a substrate to implement such complex phenomenons [SSW10,

SSS+ 19]. This area of research involves the study of computational capabilities of chemical

reaction networks as a model as well as DNA-based techniques that can implement these

models [CDS+ 13, VBG18, SPS+ 17, SSS+ 19]. This area has picked the interest of both

theoretical mathematics as well as synthetic biologists as a combined e�ort is required to

tackle the interesting challenges faced.

1.3.4 Imaging techniques using DNA

The �eld of DNA nanoscience has largely focused on making nanostructures and dy-

namic devices. However, with the advent of DNA origami, precise control over distances

was possible at the nanoscale. This meant that we can potentially use DNA origami to

calculate distances that are much smaller than the di�raction limit of light [SJS + 09].

Such possibilities lead to the discovery of a super-resolution imaging technique called

DNA-PAINT [JAW + 14, JSS+ 10, JAD+ 16]. Using DNA-PAINT, objects smaller than

the di�raction limit of light can be viewed in the context of DNA origami and nanos-

tructures. This is a fantastic contribution of the DNA nanoscience community and its
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advent into the �eld of imaging where the goal is to study biological systems by visualiza-

tion [BPS+ 06, RBZ06, SH06].

1.3.5 DNA-based archival storage

A very early work by Baum, closely after the seminal work of Adleman, planted a seed for

DNA storage [Bau95]. In his work, Baum envisioned an ultra-large memory using DNA that

contains address and information side-by-side (associative memory). Although the idea of

DNA storage wasn't explored much for the next decade, it has been the most anticipated ap-

plication of the �eld of DNA nanoscience since renewed interest in 2012 [GBC+ 13, CGK12].

The �eld of DNA storage aims at using synthetic DNA strands as a memory to store digital

data for long term use. The goal is not to read and write data frequently but rather to

store large amounts of data for a very long timei.e. archival data storage [SR19]. Since

the early demonstration, several techniques to encode and store information in DNA have

been introduced [LGA18, SSR19].

1.3.6 Software design for DNA-based applications

A very active area in the DNA nanoscience community involves the development of software

packages and algorithms for automated designs. This is largely due to the fact that without

tools for automated pipelines and models, it is nearly intractable to solve the problems at

scale faced by the �eld of DNA nanoscience. Methods and packages have been developed

to design DNA strands for computing [ZSB+ 11, QW11], design algorithms to design DNA

strands for arbitrary nanostructures [DMT + 09], implement DNA storage algorithms for

encoding/decoding digital data [SLG13], perform molecular dynamic simulations [OLD11],

run abstract simulations for domain-level DNA design [LYP+ 11], compilers for chemical

kinetics implementation [SG18, SPS+ 17] and imaging software for microscopy [SDR19b,

JAW + 14, SDR20].
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1.4 Summary of contributions

The scienti�c contributions presented in this dissertation are summarized in the follow-

ing: Chapter 2 introduces a new way to model DNA interactions at the single-molecule

scale. This modeling technique serves as a direct application in the �eld of super-resolution

microscopy where individual DNA strands are used to break the di�raction barrier. In

particular, we use Markov Chains to model the stochastic behavior of DNA at the single-

molecular scale. Using a stochastic simulation algorithm, we generate time signatures that

can be used as barcodes to identify the DNA molecule that generates it. Such barcoding can

improve the optical multiplexing capabilities of a 
uorescence microscope operating in total

re
ection 
uorescence (TIRF) mode. Chapter 3 experimentally tests the idea of improved

optical multiplexing using temporal barcodes. We were indeed able to experimentally tune

several parameters such as on-time, o�-time, etc. and showed up to 3 di�erent regimes

and 8 di�erent DNA devices. Chapter 4 introduces a new way to do implement chemical

reaction networks using DNA. Our scheme uses a strand displacing polymerase to imple-

ment arbitrary reactions and in silico demonstrations show the potential our technique

has to implement large biological systems. Chapter 5 includes our work on experimentally

demonstrating the design principles introduced in the previous chapter. Ourin vitro cat-

alytic ampli�er serves as a proof-of-concept that the design indeed works beyond model

and simulations.
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Chapter 2

Temporal DNA barcodes: Model and

simulations

This chapter was published as: Shalin Shah, Abhishek Dubey, and John Reif. "Improved

optical multiplexing with temporal DNA barcodes." ACS Synthetic Biology (2019). DOI:

http://dx.doi.org/10.1021/acssynbio.9b00010 Copyright (2019) American Chemical

Society.

2.1 Abstract

Many biochemical events of importance are complex and dynamic. Fluorescence microscopy

o�ers a versatile solution to study the dynamics of biology at the mesoscale. An important

challenge in the �eld is the simultaneous study of several objects of interest, referred to

as optical multiplexing. For improved multiplexing, some prior techniques used repeated

reporter washing or the geometry of nanostructures; however, these techniques may require

complex nanostructure assembly, multiple reporters or advanced multistep drift correction.

Here we propose a time-based approach, for improved optical multiplexing, that uses read-

ily available inexpensive reporters and requires minimal preparation e�orts. We program

short DNA strands, referred hereby as DNA devices, such that they undergo unique confor-

mation changes in presence of the dye-labeled reporters. The universal 
uorescent reporter

transiently binds with the devices to report their activity. Since each device is programmed

to exhibit di�erent hybridization kinetics, their 
uorescent time trace, referred to as the

temporal barcode, will be unique. We model our devices using Continuous-time Markov

Chains and use stochastic simulation algorithm to generate their temporal patterns. We

�rst ran simulation experiments with a small number of DNA devices, demonstrating several

7



distinct temporal barcodes, all of which use a single dye color. Later, using nanostructure-

based devices, we designed a much larger pool of temporal barcodes and used machine

learning for classi�cation of these barcodes. Our simulation experiments and design prin-

ciples can aid in the experimental demonstration of the DNA devices.Keywords: DNA

hybridization optical multiplexing DNA barcodes machine learning single-molecule imaging

continuous-time Markov chain

2.2 Introduction

Far-�eld microscopy can o�er a dynamic view of biology at the cellular and molecular scale.

In the past decade, single-molecule localization microscopy (SMLM) techniques [SSH15,

JAW + 14, HWBZ08, LJL+ 12, SH06, WSO+ 17] have made tremendous progress. These

techniques achieve sub-di�raction imaging resolution by temporally separating the 
uores-

cence of the targets closer than the di�raction limit. This is achieved by switching the

localization between the 
uorescent-ON and the 
uorescent-OFF states for which several

di�erent ways have been proposed [HWBZ08, SH06]. The temporal separation is used to

�nd a centroid of each 
uorescent spot separately and achieve sub-di�raction resolution by

a manual overlay of image stack with localizations. Multiplexed imaging with more than

one dye color has been incorporated into existing techniques to push the resolution limit

further [BHDZ07].

Further multiplexing beyond the three basic colors is desirable therefore a few di�erent mul-

tiplexing techniques have been proposed [LJL+ 12, NPFR+ 01, GLW+ 02, LSPS02, DSP+ 03,

LCL05, LLY07, PTD07, GBB + 08, LZZ+ 14, ZZD+ 14]. The simplest form is wavelength

multiplexing where several 
uorescent colors are used. The state-of-the-art wavelength

multiplexing technique by Woehrstein et al. uses a DNA nanostructure to demonstrate

over 100 colors by the linear combination of simple RGB dyes [WSO+ 17]. Such techniques

are easy to implement in practice, however, they are fundamentally limited by the number

of non-overlapping dye emission spectra. Another class of multiplexing techniques includes

using the geometry of a mesoscale structure such as the DNA origami barcodes proposed
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by Lin et al. [LJL + 12]. These uniquely identi�able nanostructures can later be used as

a taggant for studying the species of interest. These techniques generally have much more

room to encode information, however, they require complex nanostructure self-assembly.

Passive encoding techniques such as Exchange-PAINT [JAW+ 14, SSS+ 17] have also been

reported. We refer to such techniques as passive since the multiplexing information is not

directly visible as di�erent 
uorescent colors. State-of-the-art technique Exchange-PAINT

uses the sequence of 
uorescent reporters to encode the multiplexing information. A given


uorescent DNA reporter can only report a subset of locations that are complementary to

it. Once these locations are successfully reported, the current reporters can be washed out

of the sample chamber for a new set of 
uorescent DNA strands which can then report

new locations or sample types. This process can be repeated a few times until all the re-

quired sample species have been successfully reported to achieve high optical multiplexing

using a single dye color but multiple 
uorescent DNA strands. Although the multiplexing

capacity of Exchange-PAINT is theoretically in�nite, it requires multiple dye-labeled re-

porter strands and washing steps, which makes it slightly expensive to implement, requires

a complex hardware setup and, �nally, needs multistep drift corrections to account for the

additional drift due to washing.

In this work, we introduce a generalized time-based reporting framework to improve the

multiplexing capabilities of the objects studied using 
uorescence microscopy systems. Our

framework contains a set of short DNA strands called DNA devices and a complementary

universal 
uorescent reporter strand called reporter. These DNA devices can be attached

to the glass surface and observed using total internal re
ection 
uorescence microscopy

(TIRFM) [BSM + 18] since this will limit the background 
uorescence of the reporter strands.

Each time a reporter transiently attaches to our DNA devices it comes in the focal plane

of the camera and we see a short-lived bright 
uorescent spot. Since each device is pro-

grammed to undergo unique conformational changes, the stochastic intensity trace of each

DNA device will be distinct, if captured for su�cient time. We de�ne these 
uorescent

intensity traces as temporal DNA barcode since they can uniquely identify the underlin-
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ing DNA device. We model our devices using time-homogeneous Continuous-time Markov

Chains (CTMC) and use the stochastic simulation algorithm (SSA) to generate their tem-

poral patterns.

There have been some prior works such as hairpin-based nanoclocks [JBS17], nanopar-

ticle doping distances [LZZ+ 14], resonance energy transfer (RET) based temporal tag-

gants [WVD16] which use the time-domain to encode information. However, to our knowl-

edge, our work is the �rst to introduce the use of temporal signatures and DNA hy-

bridization kinetics for the unique identi�cation of single-molecules. Several other sophisti-

cated applications also exploit the programmable nature of DNA hybridization [SEDR17,

SLG13, SDG15, SCW+ 18, VBG18, CQ18, BSC+ 11, GSB+ 18, KLM + 18, FSSR18, ESSR19,

BBIBW + 19] making the time ripe for the development of frameworks such as ours that re-

quire tuning the DNA hybridization kinetics. Our work also provides a systemic approach

to searching a set of DNA devices from the design space such that they follow experimental

restrictions.

The rest of the paper is organized as follows. First, we introduce the abstract modeling

of simple DNA devices using the time-homogeneous CTMC. Second, we use the stochastic

model to predict a set of programmable parameters to generate a large pool of distinguish-

able DNA devices. In particular, we program the following parameters: (a) the length of

DNA, (b) the number of available domains, (c) domain sequestering using DNA hairpins,

and (d) the competing secondary structure. Third, using these simple devices and a DNA

nanostructure as a platform, the temporal barcodes of several devices are combined to

achieve a much larger pool of temporal barcodes. Finally, we demonstrate an end-to-end

large-scale simulation experiment using a DNA nanostructure with �ve staple extensions,

each of which can act as a DNA device to create a set of 56 di�erent temporal DNA barcodes

using the principle of linear combination of DNA devices. We perform supervised machine

learning by training a classi�cation model and identify the temporal barcodes of designed

nanostructure-based devices using the trained model with high accuracy. We close the pa-

per with a discussion on some potential applications of our technique and opportunities to
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scale up the temporal barcode set by using multiple dyes.

Figure 2.1 : A summary �gure illustrating our temporal barcoding framework, with
example DNA devices parametrized by domain lengths. (a) The work
ow for the
unique identi�cation of single-molecules using our devices. A set of devices are de-
signed, modeled and simulated to generate temporal barcodes which are analyzed
in the parameter space for clustering (or classi�cation). (b) An example of a DNA
device tuning domain length parameter to program the barcode behavior. (c) De-
signing the number and lengths of reportable domains to tune the temporal barcode.
(d) Sequestering a domain to enforce event sequence. (e) Programming length of a
competing secondary structure to tune dark-time of the temporal barcode. (f) Us-
ing a nanostructure as a breadboard for tuning the linear combination of individual
temporal DNA barcodes. Note that only one universal 
uorescent is used for all the
devices.
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