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Abstract

A RET network consists of a network of photo-active molecules called
chromophores that can participate in inter-molecular energy transfer called resonance
energy transfer (RET). RET networks are used in a variety of applications including
cryptographic devices, storage systems, light harvesting complexes, biological sensors,
and molecular rulers. In this dissertation, we focus on creating a RET device called
closed-diffusive exciton valve (C-DEV) in which the input to output transfer function is
controlled by an external energy source, similar to a semiconductor transistor like the
MOSFET. Due to their biocompatibility, molecular devices like the C-DEVs can be used
to introduce computing power in biological, organic, and aqueous environments such as
living cells. Furthermore, the underlying physics in RET devices are stochastic in nature,
making them suitable for stochastic computing in which true random distribution
generation is critical.

In order to determine a valid configuration of chromophores for the C-DEV, we
developed a systematic process based on user-guided design space pruning techniques
and built-in simulation tools. We show that our C-DEV is 15x better than C-DEVs
designed using ad hoc methods that rely on limited data from prior experiments. We
also show ways in which the C-DEV can be improved further and how different

varieties of C-DEVs can be combined to form more complex logic circuits. Moreover, the
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systematic design process can be used to search for valid chromophore network
configurations for a variety of RET applications.

We also describe a feasibility study for a technique used to control the
orientation of chromophores attached to DNA. Being able to control the orientation can
expand the design space for RET networks because it provides another parameter to
tune their collective behavior. While results showed limited control over orientation, the
analysis required the development of a mathematical model that can be used to
determine the distribution of dipoles in a given sample of chromophore constructs. The
model can be used to evaluate the feasibility of other potential orientation control

techniques.
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1. Introduction

1.1. Overview

Since the invention of the integrated circuit, semiconductor technology has
advanced at an exponential rate, enabling the production of faster and smaller
computing elements with each generation [1-3]. The ubiquity of semiconductor
transistors is evident in the fact that in 2014 alone, 250 x 10 transistors were produced
across the world — that’s 35 billion for each person! [4]. Despite the many ways that
contemporary integrated circuits can be used at the macro- and micro-scales, the
physical limits of device performance and compatibility at nano- and molecular-scales
preclude their use in most biological and chemical settings [5, 6]. Although it is possible
to build hybrid systems, e.g., a biological sensor interfaced to a computer, embedding
computational resources deeply into everyday materials, cells, or the environment
remains a challenge. Within this context, the field of DNA nanotechnology has emerged
to connect knowledge from molecular biology to the study and synthesis of
technologically engineered constructs with nano- and molecular-scale features [7-11].
Specifically, DNA nanotechnology enables high throughput manufacturing of nanoscale
“substrates” by self-assembly with atomic precision for patterning molecules [12-15].

The benefits of DNA self-assembly specifically for computer systems have yet to

be realized in large part due to the lack of functional blocks, or devices, which can be



easily manufactured this way. To address this shortcoming a growing number of
researchers have turned their efforts to understand computation from a molecular
perspective [16-19]. It is from this vantage that we consider the use of photo-active
molecules, or chromophores, as basic elements in a molecular-scale circuit. Similar to the
flow of electron and hole currents in a semiconductor circuit, networks of chromophores
can control the flow of molecular excitons generated using external light sources whose
energy is absorbed by the chromophores. Resonance energy transfer (RET) is a stochastic
process by which excitons hop between chromophores [20], giving rise to a mechanism
for control over exciton flow and signal transfer. Due to the chromophores’ electronic
states defined by their spectral properties, RET often occurs in only one direction,
similar to current flow in a PN diode. Therefore, chromophore networks can be used to
create molecular switches which can become the building blocks for molecular logic
devices, similar to how semiconductor transistors are the building blocks for electronic
logic devices.

Control over exciton currents is enabled by the precise placement of
chromophores on an underlying substrate to create a specific network of chromophores.
This level of precise placement can be achieved by DNA self-assembly. Chromophore
networks constructed on DNA nanostructures can be manufactured quickly (~ 1 day) in

very large numbers (~10%), and with a fraction of the cost of semiconductor devices. Due



to their biocompatibility (underlying components are DNA and organic molecules), low
manufacturing cost, and stochastic-based signal transfer, these devices may offer
advantages over traditional semiconductor devices in certain niche application domains.
For example, RET devices can be used in applications which require biological
environments, such as in vivo sensing and targeted drug delivery [21-23]. RET networks
can be configured to produce physically unclonable devices for increased security in
cryptographic applications [24]. RET-based memory elements have been shown to have
a 1000-fold increase in storage density compared to Blu-ray discs [25]. RET networks are
being used to emulate the energy harvesting mechanisms of plants to capture solar
energy [26-29].

These applications are all predicated on being able to determine the precise
configuration of a chromophore network whose collective behavior, upon excitation
from external light sources, matches the desired functionality. Thus far, there has not
been a systematic process for designing a chromophore network for a specific
application. Researchers requiring RET networks use ad hoc design processes based on
limited tools such as Fluorescence spectra viewers [30-32]. Furthermore, in order to
build a library of basic logic devices, it is important to first design and experimentally
verify a molecular switch. Previous attempts at building a chromophore-based

molecular switch called the C-DEV (closed-diffusive exciton valve) did not yield



satisfactory experimental results, partially because the devices were constructed using
an ad hoc design process with an inadequate set of design parameters [33]. This
dissertation provides 1) a framework for a systematic design process consisting of
design space pruning and simulation tools and 2) an experimental verification of a
working C-DEV designed using the systematic process.

The remaining subsections of this chapter provide the thesis on which this
dissertation is based and a detailed description of the contributions. A brief overview of
a resonance energy transfer, the C-DEV, the systematic design process, and

chromophore network fabrication methods is also provided in subsequent sections.

1.2. Thesis statement and contributions

The thesis statement of this dissertation is:

“A systematic design process consisting of Markov chain and Monte Carlo
methods can be used to search a vast design space (>10* possible design configurations)
for a chromophore network configuration that realizes a desired functionality. One such
chromophore network is a nanophotonic device called the closed-diffusive exciton valve
(C-DEV) in which the input to output transfer function is controlled by an external light
source. The device designed using the systematic process achieves an on-off ratio that is
15x better than a device designed using ad hoc methods based on empirical data from

prior experiments.”



More specifically, the dissertation describes the following contributions:

T

A systematic design process to identify chromophore network configurations
that would exhibit the desired functionality as defined by metrics provided
by the user

A chromophore network design exploration tool (CNet Design Explorer)
which is incorporated into the systematic design process to perform two
tasks: 1) pruning the vast design space based on user-defined chromophore
interaction rules and 2) performing a fast simulation (based on a continuous
time Markov chain model) to establish a small set of potential network
configurations

A Monte Carlo and Markov chain-based physical simulation tool (SCIMM) to
predict the functionality of a chromophore network more accurately than
existing simulation methods

Definition of an adequate set of design parameters and performance metrics
for a C-DEV

Experimental demonstration of a C-DEV device which was designed using
the systematic design process and shown to have 15x better performance

than previously-designed C-DEVs



{  Preliminary results from an experiment conducted to test the feasibility of
controlling chromophore orientation with respect to DNA nanostructures in
order to expand the design space further

1 A mathematical model that extracts the distribution of chromophore
orientation based on anisotropy (degree of bias in polarization) of

fluorescence emitting from chromophores

1.3. Background

Resonance Energy Transfer-Based Chromophore Networks

In order to implement a given logic functionality, chromophores must be
structured into a precise network, with set inter-molecular distances and chromophore
types, to control the flow of excitons in the desired manner. The dynamics of exciton
transport are dictated by three physical phenomena: light absorption, light emission or
fluorescence, and resonance energy transfer (RET). Similar to wavelength division
multiplexing (WDM), different wavelengths can be used to represent the inputs to, and
outputs from, a RET-based device. Certain chromophores can be designated as input
nodes since they would generate excitons only when excited by a unique wavelength of
light. Fluorescence of certain other chromophores can represent the outputs of the
device since different chromophores can emit photons of a specific wavelength. RET is a

near-field interaction between the excited state and absorption dipole moments between
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two molecules and has a transfer efficiency that is highly dependent on their separation
(typically 2-10 nm) and their respective spectral properties. Thus, the behavior of a RET
network is dependent on the types of chromophores in the network and their placement

with respect to one another.
Closed-Diffusive Exciton Valve

A diffusive exciton valve is a chromophore network in which the diffusion of
excitons through the network depends on the magnitude of occupation of a subset of the
chromophores, controlled by a separate light source. In a closed-diffusive exciton valve
(C-DEV), as shown in Figure 1, the excitons generated by the source (S) chromophore
diffuse to the drain (D) chromophore via a channel of mediator (M) chromophores only if
the gate (G) chromophores are kept in an occupied state using an external light source. In
the absence of direct excitation of the gate chromophores, the excitons from the source
sink into the gates, thereby reducing the excitons entering the drain. A more detailed

description of this device and the underlying physics are described in Chapter 2.

Figure 1. Illustration of a C-DEV. Excitons generated by blue light excitation of ‘S’
diffuse down a channel of “M’s into the ‘D’ chromophore and fluoresce out (green) only
when ‘G’ chromophores are occupied by a secondary light source (red). In the absence
of ‘G’ direct excitation, excitons from the source diffuse into ‘G’s and fluoresce out,
thereby reducing the fluorescence of ‘D’



Systematic Design Process

The C-DEV illustration shown in Figure 1 is in the form of an Exciton Flow Graph,
or EFG. An EFG is a representation of a RET network in which each node represents a
chromophore with desired photo-physical properties and each edge describes an
interaction between the corresponding chromophores. In order to realize a RET network,
an EFG needs to be mapped onto a physical chromophore network. Since RET devices
require precise placement of chromophores, self-assembled DNA nanostructures prove
to be a convenient substrate. A typical nanostructure developed using the hierarchical
self-assembly process described in [12, 34] can consist of over 800 points at which
chromophores can be covalently bound. Furthermore, there are over 980 different types
of chromophores available commercially [32]. As an illustration of the vastness of the
design space, consider a 10-chromophore network consisting of four different types of
chromophores. Given the number of attachment points on a single tile (800) and the
available set of chromophores (982), the total number of possible network configurations
are on the order of ~10% (800p10 * 982p4). In order to explore the design space to identify
valid chromophore networks that have user-specified functionality, a systematic design
process is required.

Figure 2 shows an illustration for the design strategy. The colored dots at the top

of the diagram represent different chromophores. The user-defined chromophore



interaction rules in an EFG can be used in conjunction with known chromophore
properties to prune the vast design space to a smaller sample space, in which all possible
chromophore networks can be enumerated. These networks are simulated using a fast
algorithm in order to approximate network behavior and eliminate invalid
configurations. The pruning and the fast simulation are facilitated by CNet Design
Explorer which will be described in detail in Chapter 4. The remaining network
configurations can then be evaluated on a more accurate simulator whose results can be
compared against experimental results obtained in the lab. The accurate physical
simulation tool developed for this purpose is called SCIMM, or Simulation of
Chromophore Interactions using Monte Carlo and Markov chain methods, as described

in Chapter 4.
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Figure 2. Concept for a design process for RET devices; first the design space is pruned
using user-defined design rules, then the networks are enumerated and evaluated
using a fast simulator. The resulting qualified networks are evaluated using an accurate

physical simulator to arrive at the best configuration. The first two stages are facilitated
by CNet Design Explorer while the final stage is conducted using SCIMM.



Fabrication Methods

Once the systematic process is used to determine a valid network configuration,
it needs to be mapped onto an underlying structure for fabrication. There are two main
aspects in the fabrication of RET networks: the substrate on which the networks reside
and the method of attaching chromophores to the substrate. The precise binding rules of
DNA enable the creation of nanostructures with minimum pitch on the order of a few
angstroms [12]. These self-assembled nanostructures can be used to place and
interconnect nanoscale components with molecular-scale precision; therefore, they are a
suitable substrate for RET networks. There are two broad categories of DNA self-
assembly — folding-based and hierarchical self-assembly. Folding-based techniques rely
on small staple strands that are used to “stitch” a long DNA strand into a certain shape.
Hierarchical self-assembly exploits the common technique of composing a small set of
relatively simple pieces to create more sophisticated structures, i.e. the structure is
composed through a hierarchical assembly of motifs. The nanostructures described in
this dissertation were constructed on cross-shaped motifs fabricated using a hierarchical
process.

Chromophores can be attached to DNA by adding a functional group to the
DNA site of interest and using the modified DNA strand in a conjugation reaction with

a reactive moiety of the chromophores. The most common method is to attach an amine
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(or thiol) functional group to a DNA nucleotide and let the modified strand undergo a
chemical reaction with an amine-reactive (or thiol-reactive) chromophore. This
technique typically involves a linker that can span 2-3 nm, which causes the
chromophores to rotate about relatively freely with respect to the attachment point,
thereby dynamically changing the inter-chromophore distances and orientations. When
the experiments are conducted on samples with a large number of chromophore
networks — which is typical except for the cases of single-molecule data collection — the
rotation of chromophores with respect to the attachment point would collectively lead to
an ensemble average RET efficiency, which is relatively straightforward to determine
[35]. Therefore, the C-DEV device described in this dissertation uses this technique.
However, being able to control the degree of rotation of a chromophore with
respect to its attachment point would create a new design parameter that can be tuned
when attempting to match an ideal EFG to a physical design because RET efficiency
depends not only on the distance between two chromophores but their relative
orientation as well. Chapter 7 of this dissertation describes an experiment in which the
goal was to control the degree of rotation. While the results were not definitive, the
analysis process necessitated the introduction of a novel mathematical model which
helps extract the distribution of chromophore orientation with respect to the underlying

substrate. This model can be used in future studies involving orientation control.
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1.4. Dissertation Outline

The remainder of this dissertation is organized as follows. Chapter 2 provides a
detailed description of the underlying physics of resonance energy transfer. It also
describes the properties of RET-based devices, including diffusive exciton valves such as
the C-DEV. It also provides a brief review of other related molecular-scale devices and
how they compare and contrast to RET-based devices. Chapter 3 is a review of DNA
self-assembly with a focus on hierarchical self-assembly used in this dissertation. It also
provides an overview of strategies in attaching molecules to DNA nanostructures,
including orientation control strategies.

Chapter 4 describes the systematic design process that was developed in order to
design better RET devices. The design process consists of two main tools that were
developed — CNet Design Explorer and SCIMM - both of which are described in detail
in this chapter. A section is also dedicated to comparing and contrasting this design
process to existing design tools. Chapter 5 is dedicated to discussing the design,
simulation, fabrication, and experimental verification of a working C-DEV device.
Chapter 6 lists the ways in which the C-DEV can be improved in future studies, based
on key insights developed during the course of this research. It also explores ways in

which C-DEV can be used to create logic gates such as AND and OR.
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Chapter 7 describes results from a preliminary experiment conducted to test an
orientation control strategy. The chromophore orientation distribution model developed
to analyze the experiment results is also described in detail. Lastly, Chapter 8 provides a
conclusion for the work presented in this dissertation.

The details of the relevant experimental procedures are listed in Appendix A.
Appendix B lists the sequences of DNA used in the experiments. Appendix C provides a

summary of all the software tools developed to support the research presented here.
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2. Fundamentals of RET Devices

In this chapter, we discuss the fundamentals of resonance energy transfer (RET)
and how it can be used to control the flow of energy in a chromophore network. We also
introduce different types of RET devices and provide a qualitative description of
diffusive-exciton valves. We end the chapter with comparisons to related work in RET

applications and nanoscale devices.

2.1. Photophysical Processes

A chromophore is a photo-activated molecule that absorbs certain wavelengths
of light and uses that energy to promote an electron to a higher orbital, thereby creating
an exciton [36]. Upon being promoted to an excited state, the molecule releases the

energy through one of several photophysical processes as shown in Figure 3.
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Figure 3. Possible de-excitation processes for a molecule that goes into excited state
upon photon absorption. Image obtained from [36]
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The processes pertinent to this dissertation are fluorescence, non-radiative
quenching, and resonance energy transfer. The Jablonski diagram shown in Figure 4
shows an energy band diagram for a representative chromophore. Photon absorption
can occur when the molecule is exposed to photons with specific wavelengths whose
energy matches that of the difference between the first singlet electronic state (and its
corresponding vibrational states) and the ground electronic state, represented by S1 and

S0 respectively.
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Figure 4. Jablonski diagram of a representative chromophore. Radiative absorption
promotes an electron from the ground state (S0) to any of the vibrational states of the
excited state (S1), generating an exciton. The chromophore de-excites via interstate
crossing to T1 (followed by phosphorescence), emits a photon via fluorescence, or
relaxes to ground state non-radiatively (quenching)

Subsequently, the electron undergoes vibrational relaxation to the ground
vibrational state in the S1 state. From this point, the molecule can release the energy via

several processes, three of which are shown in the figure: 1) transform into a triple state
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(T1) via intersystem crossing followed by phosphorescence, 2) relax to the ground
electronic state by losing energy through vibration (also called quenching), or 3) emit a
photon via fluorescence. Each process has a rate which is dependent on the properties of
the chromophore. The probability of a given process is equal to the rate of that process
divided by the sum of rates of all possible processes. If a population of identical
chromophores are excited all at once, the population of excited chromophores decays
exponentially with a decay constant equivalent to the reciprocal of the sum of all rates. If
we used an instrument like a single photon detector and tracked the chromophore’s
fluorescence over time, we would see an exponentially decaying function whose decay
constant is defined as the intrinsic fluorescence lifetime, which is a key property of
chromophores.

Other properties of chromophores that are of significance are the excitation and
emission spectra, extinction coefficient, fluorescence quantum yield, and triplet quantum
yield. The excitation and emission spectra show the relative probability of absorption
and emission of photons as a function of wavelength and are determined by the energy
band structure of the chromophores. The fundamental absorption peak corresponds to
the wavelength whose energy is equivalent to the difference between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital

(HOMO) of the chromophore. The vibrational states associated with HOMO and LUMO
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give rise to a distribution of wavelengths that can be absorbed by the molecule.
Furthermore, the emission of a chromophore is at longer wavelengths than the excitation
due to the fact that emission always occurs from the ground vibrational state of the
singlet electronic state, while excitation can promote an electron to higher vibrational
states. As long as there is enough thermal energy in the system for the molecules to
vibrate, the vibrational relaxation the molecule undergoes upon excitation results in a
slight loss in energy, resulting in longer-wavelength (lower energy) emission. The
difference between the peak absorption wavelength and the peak emission wavelength
is called the Stoke’s shift.

The extinction coefficient of a chromophore is a measure of the ability of the
molecule to absorb light in a given solvent. It is closely related to the absorption cross-
section, which characterizes the photon-capture area of the molecule. The absorption
cross-section is used in Beer-Lambert’s law to determine the probability of absorption
given certain input conditions and sample concentration [37]. The physical simulation
tool we developed as part of this dissertation (SCIMM) uses this law in its absorption
model and will be discussed in detail in Chapter 4.

The fluorescence and triplet-state quantum yields are a measure for how likely
the molecule, upon excitation, would fluoresce or transform into triplet state,

respectively. Using experimentally measured intrinsic fluorescence lifetime and the
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quantum yield values, we can determine the fluorescence, triple-state, and non-radiative
quenching yields. As a quick note on terminology, not all chromophores have the ability
to fluoresce; chromophores that have a non-zero probability of fluorescing are actually
termed fluorophores. In this dissertation, chromophores, fluorophores, and dyes all refer
to a molecule that can absorb and emit light and can therefore be used in a RET device.
When two chromophores are placed in close proximity (2-10 nm apart) and one
of them absorbs a photon, it can transfer the absorbed energy to the other chromophore
via another deexcitation mechanism called resonance energy transfer (RET). RET occurs
due to a near-field interaction between two transition dipoles — emission dipole of the
excited chromophore (donor) and absorption dipole of the ground-state chromophore
(acceptor). The transfer efficiency, shown in Eq. 1, between a donor chromophore and

an acceptor chromophore of the same spin depends on several factors.

.
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In EQ. 1, ks and kq are donor fluorescence and donor quenching rates, or the rates
at which the donor de-excites by emitting a photon (fluorescence) or non-radiatively
loses the energy to the environment (quenching), respectively. These can be determined
from the reciprocal of the intrinsic fluorescence lifetime of the donor (z ) and
proportionally dividing the result based on fluorescence quantum yieldThe transfer rate,
ks, is given by Eq. 2
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In this equation, r is the physical distance between the two chromophores and Ro
is the Forster distance between the two molecules. The Forster radius, described by Eq. 3,
is defined as the distance at which the transfer efficiency is 50% (under isotropic
conditions, i.e. the chromophore can rotate about isotropically). In other words, at this
distance, the transfer rate is equivalent to the sum of the fluorescence rate and the

quenching rate of the donor chromophore.
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In this equation, Na is Avogadro’s number, Qb is the fluorescence quantum yield
of the donor, and n is the index of refraction of the sample. The integral in this equation
is called the overlap integral that represents the degree of overlap between the emission
spectrum of the donor and the excitation spectrum of the acceptor. The Stoke’s shift of a
chromophore stipulates that emission is always lower in energy (longer wavelengths,
red-shifted) than excitation. Consequently, in order for an overlap of donor emission
and acceptor excitation to occur, the acceptor’s excitation must also be red-shifted.
Therefore, RET always occurs from a chromophore with higher energy excitation
spectrum to a chromophore with lower energy excitation spectrum. x? is the orientation

factor between the emission dipole moment of the donor and the excitation dipole
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moment of the acceptor, as shown in Eq. 4. This value can range from 0 to 4; under
isotropic conditions where the donor and the acceptor chromophore can rotate about
freely, the orientation factor averages to 2/3.
I AT-©6 cAT-OAT-6 Eq.4
In this equation, Or is the angle between the donor’s emission dipole moment
and the acceptor’s excitation dipole moment while Op and 04 are the angles between the

corresponding dipole moments and the connection vector.

2.2. RET Device Fundamentals

In order to use RET to create devices, chromophores must be structured into a
precise network, or circuit, to control the flow of molecular excitons. The dynamics of
exciton transport are dictated by light absorption, fluorescence, and RET. The light
absorption and emission processes are used as inputs and outputs of a RET circuit while

resonance energy transfer is used for signal transport.
Inputs and Outputs

A chromophore can absorb a photon only when the energy of the photon is equal
to the singlet bandgap of the chromophore, which depends on the detailed molecular
structure of the chromophore. For example, a chromophore called Nile Red has a
bandgap that matches the energy of a photon at 485 nm wavelength and will thus be

maximally excited by light of that wavelength while another one called Alexa Fluor 594
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maximally absorbs at 590 nm. If the Nile Red chromophore was used in a RET device
and designated as the input, an external light source with 485 nm can be used as an
input to the device. The ability to interact with a nanoscale device using a macroscale
light source without developing a physical interconnect is one of the biggest advantages
of RET devices over conventional nanoscale devices.

The wavelength of a photon emitted from a chromophore is also dependent on
the band structure of the chromophore. For example, Nile Red has a peak emission
wavelength of 525 nm and Alexa Fluor 594 has a peak at 620 nm. Consequently, if we
detect fluorescence at wavelengths centered on 620 nm, we would only be detecting
photons emitting out of Alexa Fluor 594. Fluorescence of chromophores designated as
output provides a way of observing the output of a RET device without having to
develop a physical interconnect between the output node and the measurement

instrument.
Signal Transport & RET Wires

In a semiconductor device, electrons flow from one part of the device to another
to create an electron current resulting in a signal that can be monitored at a given output
node. Similarly, in RET devices, excitons flow from one chromophore to another to
create an exciton current which eventually flows into the output chromophore to create

an output signal. The precise configuration of chromophores and their instantaneous
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state (excited or grounded) help direct the flow of excitons in a specific manner dictated
by the inter-chromophore RET efficiencies. For example, a high-resistance RET wire can
be created by using a linear configuration of chromophores whose RET efficiencies are
low [38]. In this case, each chromophore would prefer to fluoresce out of the system
rather than transfer energy to a downstream chromophore, thereby impeding the flow
of excitons and minimizing the fluorescence of the final chromophore. On the other
hand, a low-resistance wire can be created using chromophores with high RET
efficiencies, which would in turn enable a smoother transfer of energy to downstream
chromophores and ultimately higher fluorescence of the last chromophore in the

cascade.
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Figure 5. Schematics for RET wires based on (a) hetero-RET and (b) homo-RET. In
hetero-RET, the energy is transferred from one unique chromophore to another in a
cascade, with a photon emitting out of the output chromophore. In homo-RET, the
input and output chromophores are separated by a group of like-chromophores; in this
case, a series of excitons is required to ensure energy diffuses down the wire.

RET between unique chromophores is called hetero-RET. The wire shown in

Figure 5(a) relies on hetero RET and therefore promotes the flow of excitons only in one
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direction. The energy is transferred from one unique chromophore to another in a
cascade until the exciton reaches the output node which subsequently fluoresces. On the
other hand, homo-RET occurs between two identical chromophores; in this case, the
transfer efficiency between the identical chromophores (“B” in Figure 5(b)) would be
equal in either direction. RET in both directions can occur due to a non-zero Forster
radius arising from an overlap between the excitation and emission spectra of a
fluorophore, as enabled by vibrational and rotational states of the molecule. If only one
exciton is pumped into a RET wire based on homo-RET, the exciton may hop between
the two identical chromophores for an indefinite period of time. In order to ensure a
flow of excitons down the wire, it is important to introduce a series of excitons at the
input node (excite the input as soon as it de-excites via RET or other mechanisms). As
chromophores are kept occupied, two-way RET is converted to one-way RET resulting
in an overall diffusion of excitons down the wire. To understand how this occurs, it is
important to look at another feature of RET networks — instantaneous changes to RET
efficiency.

Instantaneous Changes to RET Efficiency

Typically, RET takes place from an excited donor to an unexcited acceptor.
Specifically, at any given point in time, an acceptor that is already in an excited state

cannot accept energy from any other donor, rendering the transient transfer efficiency
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between the pair to 0%. It is important to note that there is a photophysical process in
which RET can occur between an excited donor and an excited acceptor (as in
upconverting nanoparticles shown in [39-41]) but that requires molecules that have
suitable spectra typically found in lanthanides. In the homo-RET wire shown in Figure
5(b), the RET efficiency between the two “B” chromophores is equal in both directions
initially. However, as more excitons are pumped into the system via the input node “A”,
the likelihood of both the B chromophores being in an excited state increases. This
results in a temporary increase in the probability of transfer from the second B to the
output node “C”, and a temporary decrease (to 0%) in the probability of transfer from the
second B back to the first B.

Consider another example where an acceptor is shared among multiple donors.
In this case, the acceptor can be excited by only one of the donors at a time. This creates
a competition among the donors and results in temporary decrease in transfer efficiency
(TE) from some of the donors to the shared acceptor. In this competition, the donor with
higher transfer efficiency dominates the transfer to the acceptor; the acceptor becomes
saturated, or occupied, from the perspective of the other donors.

This is illustrated in a three-chromophore system shown in Figure 6. The left side
of the figure shows the case where “M” is excited by photons; “N” and “G “are excited

via RET from M. In this case, none of the chromophores are saturated. The right side of
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the figure shows the case where both M and G are directly excited by photons. This
creates a competition between two excitation processes for G — photon absorption and
RET from M. With a high-intensity light source, G can be saturated such that it can never
be excited by M. In this case, the effective transfer efficiency between M and G is zero.
This results in higher effective transfer efficiency from M to N. The saturation effect
enables a nonlinear control of excitons, which along with homo-RET enabled diffusion,

is the underpinning of diffusive exciton valves.
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Figure 6. Node M is excited by photons and nodes N and G are excited by RET from M.
On the right: Node G is also excited by photons of Ms. In this case, if the intensity of the
light source for G is high enough, G appears saturated to M, thus no RET occurs from
M to G. This results in higher effective transfer efficiency from M to N, with an increase
in intensity () at N’s emission wavelength (1s).

From an experimental perspective, it is difficult to achieve a situation where the
saturable chromophore type is excited in the entire population of chromophore

constructs, i.e. total saturation. Certain chromophore constructs would have saturated
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chromophores and certain other constructs would have unsaturated chromophores.
Since fluorescence is typically collected from an ensemble population of constructs, it is
important to take into account the ratio of saturated constructs to the unsaturated
constructs during data analysis. For example, in the chromophore system shown in
Figure 6, when two light sources are present, the fluorescence of chromophore N would
include photons from constructs in which both N and G are available acceptors
(unsaturated state for G) and from constructs in which only N is an available acceptor
(saturated state for G). The ratio of saturated to unsaturated G chromophores can be
determined using Beer-Lambert’s law [37]. According to the law, the total light intensity
absorbed by a sample is given by 1(1-10-*), where I is the incident energy and A is the
total absorbance which is the product of the extinction coefficient of the molecules, the
sample concentration, and the path length over which light travels through the sample.
So in order to increase the number of absorbed photons, either the intensity of the
incident light or the absorbance should be increased. In Chapter 5, we describe a C-DEV
device which consists of two saturable chromophores in each construct and
experimentally show that it is difficult to achieve total saturation even with high

powered laser diodes.
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2.3. Measuring Transfer Efficiency

Since the main mechanism of signal transport in our devices is resonance energy
transfer, it is important - from both device design and measurement perspective — to
accurately measure the transfer efficiency between chromophores. There are two main
ways of measuring RET efficiency: steady-state measurement and time-resolved
measurement. For either measurement type, fluorescence data is collected from two
different samples: a sample containing a population of donor chromophores only and a

sample with a population of donor-acceptor pairs.
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Figure 7. Fluorescence spectrum of a donor only sample (blue) and a donor-acceptor
pair sample (red) upon excitation of the donor. In the presence of the acceptor, RET to
the acceptor creates a competing de-excitation process with fluorescence, resulting in
decreased fluorescence of the donor and increased fluorescence of the acceptor.
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In steady-state measurements, each sample is excited with a light source at the
wavelength corresponding to the donor’s peak excitation. The ensuing fluorescence is
captured using a spectrometer and plotted as a function of wavelength, as shown in

Figure 7. The transfer efficiency (E) is then calculated using EQ.5.

YO p (—) Eq.5
(@)

For time-resolved measurements, we take advantage of the underlying
exponential distribution of fluorescence to calculate TE. Each sample is first excited
using a pulsed light source and the ensuing fluorescence is captured using a time-
correlated single photon counter (TCSPC). TCSPC allows us to track the time difference

between the excitation pulse and each fluorescence event, which is sorted into time bins

to form a histogram. When observing the donor fluorescence in either the donor-only
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sample or the sample with the donor-acceptor pair, the histogram would follow an

exponential distribution, as depicted in Figure 8.
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Figure 8. Time-resolved fluorescence of a donor only sample (blue) and a donor-
acceptor pair sample (red) upon excitation of the donor using a pulsed light source. In
the presence of the acceptor, RET to the acceptor creates a competing de-excitation

process with fluorescence, resulting in a smaller decay constant for the exponential
distribution of fluorescence.

Using a variety of methods like curve-fitting or maximum likelihood estimation,
the decay constant of the exponential distribution can be estimated to give us the
intrinsic lifetime of the donor (zZ ) extracted from the donor-only distribution and the
excited state lifetime of the donor (1 ) extracted from the donor-acceptor sample. Since
RET competes with other de-excitation processes like fluorescence and quenching, the

excited state lifetime of the donor would be smaller than the intrinsic lifetime of the
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donor and the magnitude of the difference is inversely proportional to TE, as indicated

in Eq.6. This TE calculation method is called the donor-sensitized method.

YO p 1— Eq.6

Time-resolved fluorescence information can also be used to calculate an acceptor-
sensitized TE. We first calculate the intrinsic lifetime of both the donor and the acceptor
in donor-only and acceptor-only samples, respectively. Additionally, we collect the
fluorescence of the acceptor (using emission filters) upon excitation of the donor in a
sample containing the donor-acceptor pair. Assuming the acceptor is unable to transfer
anything back to the donor (a fair assumption in most cases due to the fact that a
molecule’s emission spectrum is always red-shifted compared to the excitation
spectrum), the fluorescence of the acceptor would follow a hypoexponential distribution
as depicted in Figure 9. The hypoexponential distribution is a consequence of an
exponential excitation source for the acceptor (donor excitation) convolving with the
exponential deexcitation of the acceptor. Using maximum likelihood estimation
methods, the parameters of the hypoexponential distribution could be extracted,

resulting in an estimation for the donor’s excited state lifetime. Using this value and the

intrinsic lifetime of the donor, we can calculate the TE according to Eg.6 again.
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Figure 9. Normalized time-resolved fluorescence of the acceptor after exciting the donor
with a pulsed light source. The distribution is hypoexponential resulting from the
convolution of exponentials of donor excitation and acceptor emission.

2.4. Types of RET Logic Devices

So far, we have discussed the properties of chromophores and fundamentals of
RET. In this section, we describe how RET can be used to create useful devices such as
AND and OR logic gates. There are two types of RET logic gates: 1) threshold-based and
2) DEV-based [33, 38]. DEV-based logic gates are made using diffusive exciton values

which were introduced in Chapter 1.
Threshold-Based Logic Gates

A threshold-based logic gate is a gate in which the logic function is implemented

based on the thresholds set on the output signal. Figure 10 shows an illustration of a 2-
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input gate. In this example, the chromophores for each node are chosen such that nodes
A and B are both able to donate energy to node O. The output fluorescence of node O is

directly proportional to the energy absorbed by both A and B.

Figure 10. A 2-input, 1-output RET network that could be used to implement an OR
gate or an AND gate, depending on the logic ‘0" and logic “1” thresholds.

Suppose that if only one of node A or node B is excited, the output fluorescence
of node O would be x. If both nodes A and B are excited, the output fluorescence of node
O might be as high as 2x. Figure 11 shows a bar graph illustrating the output
fluorescence of node O under different conditions. If the threshold is set between x and
2x (as shown by the red line), this chromophore network would function as an AND
gate. If the threshold is set between 0 and x (as shown by the blue line), this network
would function as an OR gate. When combined with strategies to normalize the output
using energy pooling and amplification techniques, threshold-based logic could be used

to build more sophisticated logic functionality.
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Figure 11. Normalized fluorescence intensity of node O, as shown in Figure 10 under
different node A and node B excitation conditions (highlighted text denotes direct
excitation). When the threshold is set at the blue line level, the 2-input RET network
functions as an OR gate; when the threshold is set at the red line level, it functions as
an AND gate.

DEV-based Logic Gates

Diffusive exciton valves can also be used to design AND and OR gates. These
gates have the potential to be even more effective than threshold-based gates because
the threshold levels between on and off scenarios are expected to be much higher, as
described in Chapter 5. Figure 12(a) shows an illustration of a 2-input AND gate based
on a diffusive exciton valve. In this example, the S node stands for “source” or input, the
D node stands for “drain” or output. G1 and G2 are nodes for gate 1 and gate 2,

respectively, which represent the two inputs. The excitons diffuse from the source to the
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drain efficiently if and only if both gates 1 and 2 are excited and are kept occupied by

excitons generated through photon absorption.

Figure 12. (a) A chromophore network that implements a DEV-based 2-input AND gate;
(b) a chromophore network that implements a DEV-based 2-input OR gate.

Figure 12(b) shows an illustration of a 2-input OR gate based on the diffusive
exciton valve. In this example, there are two paths from the source to the drain —
through M1 and through M2. Either or both of these paths can be controlled by direct

excitation of their respective gate chromophores, thus functioning like an OR gate.

2.5. Related Work

Resonance energy transfer is used in a variety of applications ranging from
biosensors and immunoassays to light harvesting complexes. From a computing
perspective, RET is typically used with DNA strands to create DNA-controlled devices
and switches [42, 43]. In other words, the logic functionality relies on the hybridization
and dehybridization of DNA. While this method enables interesting applications, the

computation speed is on the order of several minutes, which is several orders of
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magnitude slower than what is possible with RET. The threshold-based and switch-
based RET devices proposed in this dissertation enable logic processing on the order of
nanoseconds.

Quantum dots are semiconductor devices that exhibit similar properties as
fluorophores and can participate in RET. Computing devices based on quantum dots are
the focus of many research groups who have developed interesting devices [44-46]. Such
devices can operate on the nanosecond time-scale because they also rely on a network of
RET-capable devices. However, they also suffer from the same biocompatibility issues as
semiconductor-based field effect transistors. While in vivo testing of our devices is out of
scope for this dissertation, we are confident that the devices are biocompatible because
several studies have been conducted with DNA and chromophore networks in
conjunction with living cells [22, 47].

Nanoscale optical devices based on RET were first introduced by Pistol et al in
[38]. They first describe the homo and hetero RET wires as shown in Figure 5 and
provide a concept for an inverting pass gate. The inverting pass gate was dependent on
the ability to dynamically change the orientation of the dipole of one of the
chromophores in the network, which was found to be infeasible. Thusu et al
conceptualized C-DEV which relies on saturation and exciton diffusion, as opposed to

orientation control [33]. However, due to the lack of systematic design tools, the first C-
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DEV was designed using ad hoc methods based on domain knowledge and intuition.
Furthermore, parameters such as excitability and detectability were not quantitatively
evaluated. As a result, 2.19 was the maximum on-off ratio that was experimentally
demonstrated. The C-DEV we present in this dissertation was designed using a

systematic process, resulting in a better performing device, as described in Chapter 5.
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3. Fabrication of RET Devices using DNA Self-Assembly

As described in the previous chapter, resonance energy transfer between two
molecules has a sixth power dependence on distance between the molecules. Therefore,
in order to create RET devices, there is a need for a fabrication process that allows for
chromophore arrangement with nanoscale precision. Top-down techniques such as
lithography rely on subtractive and additive processes to create small feature sizes but
are prohibitively expensive for molecular scale assembly [48, 49]. In contrast, bottom-up
techniques rely on a gradual outward growth of structures from smaller substructures
or nucleation sites. Due to the precise binding rules of DNA, this assembly process is
naturally automated, thus resulting in a self-assembled process [50]. Nanostructures
fabricated using DNA self-assembly can be used to place and interconnect nanoscale
components with molecular-scale precision, making them an ideal substrate for RET
networks. This chapter provides an overview of the anatomy of DNA and the self-
assembly process we used to make our RET devices. We also describe the chemistry
involved in attaching chromophores to DNA and how it can impact chromophore

orientation and rigidity.

3.1. Anatomy of DNA

DNA, or deoxyribonucleic acid, is a macromolecule consisting of a chain of

nucleosides linked via a phosphate backbone. A nucleoside molecule consists of a five-
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carbon sugar molecule (deoxyribose) attached to one of four different types of
nitrogenous bases: adenine (A), guanine (G), cytosine (C), and thymine (T). The chemical

structures of these molecules are shown in Figure 13 [51].
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Figure 13. Chemical structure of single strand DNA with four nucleosides chained via
a phosphate backbone (blue). A nucleoside consists of a pentose sugar (green) and a
nitrogenous base (red) [51].

The chemical structure of the bases dictates specific binding rules to create
complementary base pairs formed via hydrogen bonds; A binds exclusively with G and
C binds exclusively with T (Figure 14 (a)). Therefore, a single strand of DNA consisting
of a sequence of bases binds with another single strand with a complementary sequence
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to form a double-stranded helix upon thermal annealing, as shown in Figure 14 (b) [52,

53].
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Figure 14. (a) Complementarity of DNA bases. A binds with T via two hydrogen bonds
and G binds with C via three hydrogen bonds [52]. (b) Two ssDNA strands that are
complementary bind to form a double stranded helix upon thermal annealing [53].

The helical structure of double-stranded DNA can take on many forms such as

A, B, and Z. The most common form is B-form dsDNA which has certain geometric

specifications which help create precise RET networks. The distance between two base

pairs is 3.4 A. The diameter of the helix is 2 nm. The corkscrew of the helix makes a

complete 360° rotation between approximately every 10 and 11 bases. These parameters

help determine the distance between attachment points of chromophores, which in turn

help calculate the inter-chromophore distances and transfer efficiencies.
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3.2. Hierarchical Self-Assembly

The challenge in creating DNA nanostructures using individual strands of DNA
is to specify the appropriate DNA sequences such that the desired structure (geometry)
forms and remains thermodynamically stable. There are two broad categories of DNA
self-assembly: folding-based and hierarchical self-assembly. Folding-based strategies
such as DNA origami use smaller staple strands of DNA to shape a larger DNA strand
[14, 15]. Here, we focus on hierarchical self-assembly to achieve repeatable DNA

nanostructures with relatively high yield (>90%) [12, 34, 54].
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Figure 15. A hierarchical approach to building DNA grids. The process starts with nine
single-strands of DNA (top left) which come together to form a cruciform motif or a tile
(top right). Once individual tiles are formed, they can be assembled together to form
grids (bottom right). Multiple grids can subsequently be assembled into larger grids
(bottom left).
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Hierarchical self-assembly exploits the common technique of composing a small
set of relatively simple pieces to create more sophisticated structures, i.e. the structure is
composed through a hierarchical assembly of motifs. There are many possible motifs for
DNA; however, we focus on only a few in the context of our nanostructures. One class of
motifs includes junctions that enable three or more double-stranded helices of DNA to
interact and form specific structures such as cross-shaped tiles. Another important motif
is a single-strand of DNA protruding from a double-stranded helix; the single-stranded
region is called a sticky-end. Two motifs with complementary sequences on their sticky-
ends will bind to form a composite motif. These composite motifs may also have
embedded sticky-end motifs and thus can also bind with other composite motifs to form
larger composite motifs. This results in a hierarchical assembly of large DNA structures.

The DNA grid shown in Figure 15 (bottom left) can be fabricated using
hierarchical self-assembly of smaller structures called tiles (top right). Each tile consists
of nine single-strands of DNA whose sequences are designed such that they form a
cruciform motif with sticky-ends on each extension of the cruciform. These sticky-ends
help enable multiple tiles to assemble together to form DNA grids. The DNA grids act as
a molecular breadboard enabling the attachment of molecules such as chromophores
with full addressability, i.e. chromophores can be attached in between and at every

DNA nucleoside (base) using functionalization chemistry. Since bases are 3.4 A apart in
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a typical DNA structure, this bottom-up self-assembly process enables attachment of

chromophores at sub-nanometer resolution.

3.3. Functionalization of DNA Grids

There are several methods for attaching chromophores (and other organic and
inorganic molecules) to DNA. The methods involve specific chemical reactions that
include amine, thiol, carboxylate, hydroxyl reactions, as well as click chemistry [55]. In
this dissertation, we focus on amine reactions enabled by N-hydroxysuccinimide (NHS)
Esters. In this reaction, the DNA attachment point is modified with an amine compound
and mixed with an NHS Ester derivative of a chromophore to create an amide bond

(and an NHS leaving group by-product), as shown in Figure 16 [55].
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Figure 16. A typical amine reaction in which an amino-modified compound (such as
DNA) is mixed with an NHS Ester derivative of a molecule (such as a chromophore) to
create an amide bond and an NHS leaving by-product [55].

The amino group is typically attached to a standard DNA nucleoside using a
carbon-chain linker, which can range from 6 to 12 carbon atoms in length. The chemical

structure of an amino-modified thymine base using a C6 linker is shown in Figure 17.
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Figure 17. Chemical structure of an amino-modified DNA nucleotide. DNA’s
phosphate backbone and sugar are shaded in blue, the DNA base in pink, the C6 carbon
chain linker in green, and the amino group in orange.

The hierarchical assembly process described in the previous section uses nine
strands to form a cross-shaped tile structure. So the first step in creating a RET network
is to identify the locations on the tile at which chromophores need to be attached. Each
of those locations would correspond to a specific base on one of the nine constituent
strands. Depending on the attachment chemistry used, we first have to obtain DNA
strands that have appropriate modifications at the desired DNA bases. Vendors such as
IDT Technologies synthesize custom DNA sequences with the desired base
modifications. Using conjugation protocols provided by chromophore vendors, the

modified strands are mixed with chromophores to create functionalized DNA strands.
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These strands are then purified using various techniques such as size-exclusion filtering,
organic phase separation, and High Performance Liquid Chromatography (HPLC). The
strands are then used in lieu of their standard strand counterparts in a tile and grid

synthesis protocol described in the previous section. This process is illustrated in Figure

18.
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Figure 18. Step by step illustration of RET networks fabricated on self-assembled DNA
structures. The first step is to functionalize the pertinent DNA strands with
chromophores, then mix them with other strands to form the cross-shaped tile which
can in turn be mixed with other tiles to form larger RET networks.

3.4. Orientation Control Strategies

We have seen how DNA nanostructures enable attachment of chromophores
with molecular scale resolution. However, high resolution of chromophore attachment

points does not necessarily translate to a high resolution of chromophore orientation
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upon attachment. The chromophores typically have a fair degree of flexibility upon
attachment (due to the size of the chromophore molecule, the length of the attachment
linker, and availability of free space surrounding the DNA structure) which causes the
chromophores to rotate about the attachment point. As chromophores rotate, so do their
corresponding absorption and emission dipole moments. Understanding the
distribution of dipole moments is important because they help determine the orientation
factor 12 used in transfer efficiency calculations. When chromophores rotate isotropically
(uniformly around the attachment point), the orientation factor averages to 2/3.
Therefore, most researchers that employ chromophore pairs (or networks) for their RET-
based applications use 2/3 for k2 [35].

For the C-DEV device described in this work, we used linkers that promote
mostly isotropic rotation of chromophores and therefore use average k2 values in our TE
calculations. However, in one experiment (described in Chapter 7), we attempted to
control the orientation of chromophores upon attachment to DNA by using an amino-
modified linker attached directly to the backbone of the DNA (as opposed to attaching
to a modified DNA base) in order to restrict chromophore motion. We discovered that
chromophore rotation may be restricted to a certain degree but their poses with respect to
DNA had a wide distribution in an ensemble of RET networks. In other words, while all

chromophores rotated minimally with respect to the DNA molecule, some RET pairs
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had poses that correspond to high orientation factors resulting in high transfer efficiency
but other RET pairs in the population had poor orientation factors. We were able to
draw these conclusions based on a chromophore dipole distribution model whose
inputs include fluorescence anisotropy and time-resolved fluorescence data and whose
outputs are dipole distributions of the chromophores and relative transfer efficiencies.
The model was validated by comparing calculated relative TEs with the experimental
data which matched within +9%.

We were able to evaluate chromophore pose distributions from this proof-of-
concept study but the results showed that we could not achieve total control of the
orientation of chromophores. Another way to look at this is that if we were to include
orientation and distance as two design parameters for a chromophore pair in a RET
network, we would be able to manufacture some RET networks that meet the design
requirements but there would also be a large subset of the population of RET networks
that would have to be classified as defects due to lack of total orientation control.
Therefore, we decided to use the standard isotropic linkers in our C-DEV design and use
distance and chromophore type as the design parameters. These design parameters also
lead to a vast design space which necessitates a systematic design process, as described

in the next chapter.
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4. RET Device Design & Simulation Techniques

In this chapter, we describe our systematic process used to design chromophore
networks with specific functionality. The first step in designing a useful chromophore
network is to describe the inter-chromophore relationships using an exciton flow graph
(EFG). An example of an EFG is shown in Figure 19. In an EFG, the user defines the
general flow of excitons by indicating all the inter-chromophore transfer efficiency
relationships. Furthermore, the user identifies the chromophores that need to be

exclusively excited (inputs) and exclusively detected (outputs).

i ()
)\2 % )\3
Figure 19. An exciton flow graph (EFG) for a 2-input threshold-based OR gate. The

arrows between nodes A, B and O indicate the direction of RET. Nodes A and B must
be exclusively excitable and node O must be exclusively detectable.

There are two main challenges in finding the right design that meets the user
requirements. The first is that the design space is very large. The DNA self-assembly
process described in the previous chapter involves creating a cross-shaped motif using
nine single-strands of DNA. There are over 800 attachment points on a single DNA tile

made this way. When trying to create a 10-chromophore network on a DNA tile using a
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library of up to 300 different types of chromophores, there could be as many as 103
different combinations. Figure 20 shows how the design space rises exponentially with
the number of chromophores in the desired network. In order to overcome this
challenge, we have incorporated a tool to efficiently eliminate all networks that would
not meet the user-specified requirements and test the remaining networks using a
simulation model based on a computationally inexpensive algorithm, as described in the

next section.
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Figure 20. A graph that shows the exponential increase in design space size as the
number of chromophores in the network is increased for a nanostructure that has 800

attachment points. In this example, we assume over 300 types of chromophores from
which to choose.

The second challenge is that the user defines ideal properties for each node in an

EFG. When a real chromophore is chosen to represent an ideal chromophore, some
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undesired photo-physical properties are imposed on the network by the molecular
structure of real chromophores. For example, an ideal chromophore absorbs photons of
a particular wavelength, while not absorbing any out-of-range photons; whereas, a
physical chromophore often has a wide range of wavelength absorption and thus
absorbs (albeit with diminishing probability) out-of-range photons as well. In order to
tackle this challenge, our design process includes a physical simulation tool that takes

into account properties of real chromophores.

4.1. Continuous Time Markov Chain

Before delving into the details of the design process, it is important to
understand a stochastic method for modeling a chromophore network using continuous
time Markov chains (CTMC). In the absence of dynamically changing chromophore
availability (see Section 2.2), the behavior of a RET network can be modeled using a set
of ordinary differential equations (ODEs). Numerical solutions to ODEs are
computationally inexpensive so this method is typically faster than detailed, nonlinear
simulation methods. Consequently, it is suitable for quickly pruning the search space,
which is necessary for the first part of the systematic design process. Moreover, the
detailed simulation tool we developed for the latter part of the systematic design process
uses the CTMC model as well. Therefore, it is important to understand how CTMC-

based RET modeling works.
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Figure 21 shows a Markov chain representation of a chromophore pair. In the
CTMC model, each chromophore in the network is represented by two states in a
Markov chain: transient state and absorbing state. Transient states have both input and
output relationships so they are used to represent RET while absorbing states only have
inputs so they are used to represent fluorescence and quenching. Forster’s theory is used
to determine the rates between all the states. The rates between different transient states
of the chromophores are determined by the RET rate for the corresponding
chromophores. The fluorescence and quenching rates of a chromophore determine the

rates between the transient state and absorbing state for the chromophore.

Figure 21. Markov chain representation of a chromophore pair. A and B are two
chromophores in the system. Fa and Fb are the fluorescence absorbing states for A and
B, respectively. Q is the universal absorbing state for quenching. #:: is a measure of the

orientation between the donor (i) emission dipole moment and the acceptor (j)
absorption dipole moment.

Given an initial condition (denoted by the starting position of an exciton), a

CTMC solution will result in time-resolved probabilities of any of the other states being
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occupied by the exciton. These probabilities can then be used to determine time-resolved
relative fluorescence intensities of each chromophore. Since the output of a RET-based
logic device is measured using fluorescence intensities, the CTMC model provides an
analytical way of determining time-resolved output of a given network of
chromophores. CTMC is a valid model to apply because exciton transfer in a network of
chromophores is dictated by stochastic processes that are memoryless, i.e. the next state of
an exciton in the network depends only on the present state, not on the sequence of state
transitions that preceded it. Furthermore, solving differential equations is
computationally inexpensive and therefore is suitable for evaluating chromophore
networks quickly. However, a CTMC solution assumes that all the states in the network,
apart from the state that is initially excited, are available for the entire duration of the
simulation. Therefore, CTMC solutions do not accurately reflect nonlinear behavior of
chromophores in networks that have saturation, multiple donors, and multiple
acceptors. SCIMM, a physical simulation tool we developed to accurately simulate a real
chromophore network, incorporates CTMC solutions but only for instantaneous

determination of next states, as will be described in Section 4.4.

4.2. Design Process

The systematic design process we developed consists of six steps, as illustrated in

Figure 22. The first two steps are defined by the user and are specific to the target
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application. Initially, based on the operating principles of RET networks, the user
identifies the form of the target RET network that, under ideal conditions, expresses the
desired function. In an ideal network, represented by an EFG, only the inter-nodal RET
directions are considered. For example, the OR gate shown in Figure 19 describes a
network comprising of three nodes, two of which (A and B) are designated as the input
nodes and are able to achieve RET with the third node (O). Ideally, each of the input
nodes is exclusively excitable using two different wavelengths of light and the output

node O is exclusively detectable using photo detection techniques.
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Figure 22. Flowchart of the proposed design process. First, the user defines a target RET
network, design rules, and metrics, which are then used to prune the design space to a
smaller sample space. A fast simulation tool is used to simulate the sample space; the
results are evaluated against user-defined metrics to create a set of candidate networks.
The candidate networks are simulated using a more detailed physical simulation tool
and evaluated against the metrics to arrive at a final RET network.

The user then establishes a set of design rules that define the interactions
between the nodes of the target RET network. Each design rule is an arbitrary function

of a set of attributes that can be evaluated for an individual chromophore, a pair of

52



chromophores, or the network as a whole without the physical simulation of the
network. Finally, the user defines the metrics that are used in the development of
specifications, which in turn are used to evaluate RET networks against the design

requirements in a later step.
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Figure 23. Preparation of the set of candidate networks: Only parts of the huge design
space are sampled. Each sample that meets user-defined metrics qualifies as a
candidate.

The third step prunes the design space to a more manageable sample space
based on user-defined metrics, as illustrated in Figure 23. The prohibitively large design
space makes it impossible to perform a full exploration of the entire space. Therefore,
domain-specific heuristics have to be applied to guide the exploration to avoid poor
regions of the design space and only probe regions that are likely to contain a candidate
network (sample space). All the networks in the sample space are simulated using a fast
algorithm (in this case, CTMC) and evaluated against user-defined metrics to create a set
of candidate networks. The next step is physical simulation to determine realistic

behavior of candidate networks with measurable metrics such as the number of output

53



fluorescence events. The simulation data is used to evaluate each candidate based on the
user-defined metrics, following which the best networks can be identified.
Design Rules

Design rules are sets of rules that can disqualify a candidate network without
simulation. Disqualifying certain combinations of chromophore type and site can be
identified by spectral and spatial design rules, respectively. For example, specifying that
a node may be excited only by a certain wavelength of light is a spectral design rule.
Indicating a minimum or maximum required distance between two nodes in the
network can be declared as a spatial design rule. While the set of design rules highly
depends on the target logic function and its specific ideal RET network, each individual
rule is an arbitrary function of a set of attributes that can be evaluated for an individual
dye or site or a pair of them. The following is a list of attributes that we have found to be
useful in RET design rules: 1) intrinsic lifetime of chromophores, 2) extinction coefficient
of chromophores, 3) quantum yield of chromophores, 4) spectral separation, 5) Forster
radii, and 6) transfer efficiencies between chromophores.
Evaluation Metrics

Evaluation metrics are behavioral attributes of the network that can be used to
rank candidate networks. The metrics are extracted from simulation results and are user

defined. The physical simulation tool provides a variety of data about the networks’
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performance based on various input conditions. Simulation data include, but are not
limited to, time-resolved details about the evolution of the excited population at each
node as well as its fluorescence, RET, and quenching. An example of a metric is the
average number of exciton hops from a designated input chromophore to the designated
output chromophore. Another example of a metric is the total number of fluorescence
events of the output chromophore relative to the total number of absorption events at

any of the input chromophores.

4.3. CNet Design Explorer

We developed two design tools to automate parts of the design process. The first
such tool is called the CNet DesignExplorer. This tool helps implement steps 1 to 5 of the
design process. A graphical user interface of the tool is shown in Figure 24. The user first
creates a physical topology of the chromophore network they want to design. The
topology definition consists of the user entering different types of chromophores into the
grid shown in the top half of the GUI. The user can indicate the grid spacing in
nanometers to provide a physical meaning to the topology. The next step is to define the
relationships between the different types of chromophores. For example, if the user
wants to ensure that the chromophore type 1 must have a transfer efficiency of at least
50% with the nearest chromophore of type 2, they can use the “Interaction Graph

/AT

Settings” section of the GUI to select 1 for “Donor”, 2 for “Acceptor”, “is at least” for
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“Interaction” and 0.5 for “Transfer Eff.”. Upon adding this interaction, the design tool
will ensure that only the networks that meet this rule are defined as a sample network.
Using this tool, the user can also define the chromophores that are initially excited and

the chromophores that undergo saturation (as defined in Section 2.2).
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Figure 24. CNet DesignExplorer GUI in which the user can specify a network topology
along with qualifications for which types of chromophores can be assigned to each
node.
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Based on these settings, the design tool first identifies all the networks that meet
all the user-defined rules. Then the tool uses a CTMC model to determine the behavior
of all the sample networks. The user can then use standard MATLAB scripts to eliminate
all sample networks that do not meet metrics such as output fluorescence events to
absorption events ratio. Another accompanying script allows the user to select all valid
candidate networks and generate experiment files that are compatible with the next step

of the design process — physical simulation using SCIMM.

4.4. SCIMM

SCIMM (pronounced “skim”) stands for Simulation of Chromophore
Interactions using Monte Carlo methods and Markov chains. This model was developed
to address the need for an accurate model required in the RET network design process.
A brief overview of the source code for SCIMM is listed in Appendix C.2. SCIMM
consists of two stochastic models: Monte Carlo and CTMC. Monte Carlo-based
simulation tools were developed in the past by Demidov et al (as in [56]) but have
limitations in providing accurate time-resolved information because they rely on steady-
state probabilities, as will be described in the related works section of this chapter. A
CTMC-only model, as described earlier, is unable to take into account dynamic states in
which the existence of certain states can be time-dependent, which is an important

property of nonlinear RET devices such as C-DEVs. SCIMM is a hybrid between these
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two models; SCIMM can provide accurate time-resolved information about a

chromophore network whose states can change with respect to time.

SCIMM Description

Process absorption

—
events
8‘ Markov Chain
(@)
|
(@) — _
% 1 Number of excited Determine next-
O in chromophores >0 state probabilities
() = A
c i For each excited
[®) { chromophore
=

Markov Chain Loop

Update excitation and
de-excitation counters

Figure 25. Functional block diagram of SCIMM; this model consists of two loops, the
outer Monte Carlo loop and the inner Markov Chain loop. For each time step, all the
absorption events are first processed. If any excited chromophore are present in the
system at the given time step, a CTMC model is setup for each excited chromophore to
determine the next-state probabilities. These probabilities are used in a weighted
random walk in the Monte Carlo loop. The excitation and de-excitation events of each
chromophore in the system are recorded. Once the next states of all the excited
chromophores are processed, the time step is incremented.

The block diagram shown in Figure 25 shows the overall architecture of the

SCIMM model. The user specifies the details of a chromophore network, simulation
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time, simulation resolution, excitation sources, and other relevant settings. The SCIMM
model consists of an outer loop (Monte Carlo loop) that increments based on the
simulation resolution. For every iteration of the outer loop, all the excitation events due
to light sources are processed based on Beer-Lambert’s absorption model. A CTMC
model is setup for each excited chromophore to determine the probabilities of each de-
excitation path for that chromophore at the given simulation time step (determined by
the simulation resolution). A random de-excitation path is chosen based on these
probabilities. The process is repeated for each excited chromophore in the Markov chain
loop. A graphical user interface allows users to view the results of the simulation based
on several output parameters.
SCIMM Settings

The user must first create an experiment description file (EDF) that contains all
the settings necessary for a SCIMM simulation. One group of settings pertains to the
chromophore network being simulated; the type and coordinate for each chromophore
in the network is specified in this group. In order to determine photon absorption events
and resonance energy transfer events, there are several key chromophore-specific
characteristics that come into the equation. Such characteristics include the absorption
and emission spectra, the quantum yield, absorptivity, and the intrinsic fluorescence

lifetime. Most of this information can be obtained from chromophore vendors’
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databases; individual experiments can be performed to obtain this information as well.
A database of chromophores or fluorescent dyes was setup to store this information in a
standard format so that different modules within SCIMM can easily access the
information.

The next group of settings pertains to the excitation of chromophore networks.
The user can define multiple excitation sources to emulate physical sources such as
LEDs, laser diodes, and supercontinuum lasers. The user can also specify the spectral
and temporal properties of the light source. For example, the light source could be a
continuous wave function with emission at wavelengths with a Gaussian distribution
centered on the peak absorption wavelength. Alternatively, the user can define a pulsed
laser source with a specific mean output power and a Gaussian temporal profile with a
specific pulse width. With the number of light source settings available to the user, real-
world light sources can be emulated very accurately using SCIMM.

Finally the user defines the simulation settings such as simulation time
resolution, time span, and number of simulations. A key point to note is that SCIMM
simulates a single instance of a given chromophore network (a single construct) based
on ensemble statistical relations provided by Forster’s theory. As the number of
absorption events increases, the effect is similar to repeating the simulation of a single

construct multiple times. If the number of absorption events is spaced out far enough
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apart so that the single construct returns to ground state each time, the result should be
identical to the time-resolved results obtained from the CTMC-only model. If the
absorption events are clustered together, it becomes a simulation of time-dependent
networks of chromophores in which the availability of chromophores can change with
respect to time.
Monte Carlo Loop

The Monte Carlo loop of SCIMM iterates over small time increments (determined
by the simulation time step) and spans the specified simulation time. For each iteration
of the loop, chromophore excitations are processed based on the number and type of
light sources setup in the simulation settings. Additionally, a CTMC model is setup for
each excited chromophore in the system in that iteration to obtain the time-resolved
probabilities for the de-excitation paths of that exciton. The Monte Carlo loop is also
used to determine the probability of excitation of a chromophore as a result of external
light sources listed in the experiment description file. This process is explained in more
detail in the excitation model section below.
Markov Chain Loop

The main function of the Markov chain loop in SCIMM is to provide the time-
resolved probabilities of de-excitation paths for a given excited chromophore. This is

achieved by setting up a continuous time Markov chain for that chromophore, much like
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the process in the CTMC model described previously. The key difference between the
CTMC model and this loop is in the way the transition matrix is setup to solve the
differential equation described by a Markovian process. The CTMC model uses a
transition matrix comprised of rates of transfer, fluorescence, and quenching of all the
chromophores in the system. The transition matrix used in this loop comprises of the
transfer rates from only the excited chromophore to each of the other available
chromophores, along with the fluorescence and quenching rates for the excited
chromophore only. This is to simulate the immediate next state of the exciton in the
excited chromophore for which the Markov chain was setup.

The Markov chain loop helps answer this question: for a particular excited
chromophore, where is its exciton (or excited state) going to be in the next time step. The
time resolved probabilities for the next state are evaluated at the time step (defined by
the simulation settings) and used in a weighted random selection to determine the next
state. This process is repeated for all the excited chromophores at the given time step. In
case of a conflict, where multiple excited chromophores are set to transfer to the same
acceptor chromophore or if the acceptor chromophore is already slated to be excited by
an external light source absorption event, a uniform random process is used to select one
of the conflicted states. This loop is repeated until the next states of all the excited

chromophores are determined without conflicts.
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Excitation Model

The excitation model used in SCIMM is based on Beer-Lambert’s law of
absorption [37]. In the simulation settings, the user specifies the number of external light
sources, their wavelengths, beam radii and path lengths, and the profile of the light
sources. The profiles can be a continuous source or a pulsed source. The pulses can be in
the form of a Gaussian, a Poisson, a delta function, or an exponential decaying pulse.
The user can also specify the output power of the light sources, allowing for the
modeling of a realistic laser source for which a power output spectrum is often readily
available. All of this information can be used to determine the incident energy for a time
step (for one iteration of the Monte Carlo loop). Eq. 7, described by Beer-Lambert’s law,
provides a way to calculate the amount of incident energy absorbed, for each light
source, based on the path length of the light beam (I), the concentration of chromophores
(c) in the sample, and the effective molar absorptivity (¢) of the sample.

) ) p pT Eq.7

The effective molar absorptivity can be calculated by adding the absorptivity of
each chromophore in the system, for the given wavelength of light. The amount of
absorbed energy can be converted to the number of photons at a given wavelength

using Plank’s relation.
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The probability of the sample absorbing one of those photons is equal to the ratio
of the number of photons absorbed to the number of networks of chromophores in the
system, given by sample concentration and volume. Once it has been determined that a
photon is absorbed, the proportion of a chromophore’s absorptivity to the effective total
absorptivity of the sample can be used to determine which of the chromophores in the
network absorbs that photon. It should be noted that Beer-Lambert’s law is based on
some key assumptions. Specifically, the sample should be scatter-free; the sample should
be at concentrations lower than 10 mM; and the incident radiation should consist of
parallel rays [37]. These assumptions are valid for the conditions typically used in our
experiments.

Output Model

In the lab, a physical experiment to measure the characteristics of a network of
chromophores involves taking a measurement on a time-correlated single photon
counter (TCSPC). TCSPC records photon detection events with respect to a sync event
generated by the laser at the beginning of each pulse. This periodic sync event provides
a reference point for fluorescence information, thus providing time-resolved
fluorescence data. In order to compare simulation data with experimental data, it is
important for SCIMM to record fluorescence events based on a common, periodic

reference point. Consequently, every absorption event generated in SCIMM is tied to the
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beginning of the period of each laser pulse when used with a pulsed excitation source.
Events are recorded with respect to this sync event so that fluorescence decay constants
can be measured. Additionally, there are several other data structures that are updated
on a frequent basis in SCIMM. The times at which each chromophore gets excited and
the means by which they get excited are recorded. The times and means of de-excitation
for each chromophore are also recorded. A counter keeps track of the number of
excitation events through light sources and RET as well as the number of de-excitation
events to fluorescence, quenching, and RET for each chromophore.
Graphical User Interface

A graphical user interface was created in order to allow the user to view all the
output information in a convenient manner. Figure 26 shows an instance of the GUI
which consists of a drop down menu that can be used to select the type of output
information to plot. As mentioned previously, the user can also specify the output
wavelength as well as the resolution of the time-resolved graphs. The scope parameter
of each graph option allows the user to look at the data for multiple chromophores at

once or one chromophore at a time.
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Figure 26. Screenshot of the GUI used to analyze SCIMM results.

Batch Mode

SCIMM has been designed such that simulation values can be parameterized and
implemented on a cluster of computing nodes in parallel. The executable scripts that
accompany the batch version of SCIMM first read the parameter search space file and
sets up a simulation for each iteration of the tunable parameters. For example, in a three-
chromophore simulation setup, the user could parameterize one of the three

chromophores in the system by setting that as the tunable parameter in the parameter
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search space file in order to try out different combinations of the three-chromophore
network. Alternatively (or additionally), the excitation wavelength could be set as a
tunable parameter to find the excitation wavelength that best suits the system. Similarly,
any parameter in the simulation setup file could be parameterized. Furthermore,
SCIMM code is compatible with parallel computing resources to run multiple
simulations simultaneously. In fact, the parallel mode can be used to speed up a single
simulation as well by splitting the simulation time span into short time periods.
Simulation results from the shorter time spans can subsequently be consolidated to
emulate a long time span simulation. Care must be taken to ensure that the short

simulation periods are long enough to capture time-varying behavior.
SCIMM Validation

SCIMM was shown to be consistent with both analytical solutions (for a specific
three-chromophore system) and experimental results. The analytical validation was
based on comparison to analytical expressions for dye dynamics found in literature. The
experimental validation was based on a three-chromophore experiment in which a
population of chromophore constructs were excited and an ensemble average
fluorescence was collected. It should be noted that the experimental validation is based

on assumptions that account for differences in theoretical and actual chromophore
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characteristics as well as the yield of chromophore network formation during the self-
assembly process.

Analytical Validation
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Figure 27. Chromophore network used by Watrob et al. in [57] and the corresponding
analytical expressions for the time-resolved excited state population.

Watrob et al. in [57] describe a network of three chromophores where
chromophore 1 can transfer energy to chromophores 2 and 3, chromophore 2 can
transfer to 3, and chromophore 3 can only fluoresce or quench. Based on this setup, they
derive analytical expressions for time-resolved excited state of each chromophore. The
network and the expressions are shown in Figure 27. Assuming chromophore 1 is in the
excited state initially, a graphical representation of the expressions is depicted by the red
solid lines in Figure 28. The blue dotted traces on the graph of each chromophore are the

SCIMM results. As is evident, the SCIMM output matches the analytical expressions

68



with a high degree of correlation. The KL divergence values between simulation and
analytical are 0.0080, 0.0248, and 0.0018 for chromophores 1, 2, and 3, respectively. These
indicate that the distribution from simulated results and the distribution from analytical
expressions are similar for all three chromophores.
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Figure 28. Time-resolved excited state population of each of the three chromophores
shown in the network shown in Figure 11. The solid red line represents the analytical
expressions derived in [57]. The blue dots represent SCIMM simulation results.

Experimental Valida tion

Using materials bought from DNA and chromophore vendors (IDT and Life
Technologies) and the self-assembly process described in the DNA self-assembly chapter
of this thesis, a sample consisting of a three-chromophore network (shown on the left

side of Figure 29) was prepared. The input laser was set to 490 nm which is the peak
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absorption wavelength of chromophore A (AF488). It should be noted that chromophore
B (AF594) has a non-zero absorption probability at 490 nm. The output wavelengths
used to detect the fluorescence of each chromophore were as following: 543 nm for

AF488, 620 nm for AF594, and 670 nm for AF647.
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Figure 29. Chromophore network used in the experimental validation of SCIMM (left)
and theoretical transfer efficiencies between the chromophores (right).

Three key assumptions were made about the way the chromophore networks
were formed.

1. The geometric coordinates of each chromophore, modeled as a point source,
were estimated based on DNA geometry and lengths of chromophore-DNA
attachment linkers

2. Chromophores were assumed to be rotating isotropically — the average dipole-
dipole orientation factor was taken to be 2/3

3. The sample prepared consisted of free dye as well as partially completed

networks along with complete networks
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Assumptions 1 and 2 were used to determine the theoretical transfer rates from
the chromophores to other chromophores and to their respective absorption
(fluorescence and quenching) states, as shown on the right side of Figure 29. The third
assumption is critical because the fluorescence decay characteristics can change
drastically based on the presence of free dye and partially formed networks.

AF647 Results
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Figure 30. Simulated (top) and experimental (bottom) fluorescence decay curves for
AF647 (chromophore C).

Based on first principles described by Forster’s theory, we should expect
chromophore C (AF647), which is at the end of the RET chain from an energy
perspective, to have a fluorescence decay that’s larger than its intrinsic decay of 1 ns.

The intrinsic decay (in the absence of any acceptors) is obtained when the excitation
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source is an ideal delta function. However, in this case, because AF647’s excitation
sources are a convolution of an exponential decay from AF488 to AF594 and the decay
from AF594 to AF647, the expected fluorescence decay for AF647 should also have the
excitation sources convolved, thus increasing the decay constant from its intrinsic value.
Figure 30 shows the comparison between simulated and experimentally obtained data.
The decay constants of exponential distributions, estimated using curve-fitting methods,
seen in the experimental and simulated data were within 3% (2.01 ns, 99.8% R? for
experimental vs. 1.96 ns, 95% R? for simulated).
AF596 Results

Because the transfer rate from AF594 to AF647 is nearly 100%, the most likely
path chosen by any exciton arriving at AF594 is to transfer to AF647. Therefore, the
fluorescence to AF594 should ideally be undetectable. However, due to partially formed
networks and free AF594 in the sample, one should expect to see fluorescence of AF594.
It is difficult to predict the decay constant of AF594’s fluorescence because that depends
on the relative concentration of free AF594 (type 1 defects), partially formed networks of
AF488 and AF594 only (type 2 defects), and partially formed networks of AF594 and
AF647 only (type 3 defects). Type 1 constructs would yield a decay constant similar to
AF594’s intrinsic value of 4.1 ns. Type 2 constructs would exhibit a decay constant that’s

longer than the intrinsic value due to the same reason as for AF647 mentioned above.
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Type 3 constructs would not fluoresce much because of the higher transfer rate between
AF594 and AF647. Therefore, the expected lifetime seen for AF594 should be greater
than the intrinsic lifetime. The magnitude of the difference is dictated by the relative
concentrations of type 1 and type 2 constructs. Figure 31 shows the comparison between
simulated and experimental data. The simulated data showed that AF594 molecule
fluorescence only 13 times in the entire simulation of 1000 excitations of AF488; these
events are not sufficient to obtain a decay constant. The experimental data shows a
decay constant of approximately 4.19 ns (99.4% R?), which is larger than the intrinsic
lifetime of AF594. This shows that the unlabeled AF594 molecules as well as type 2

constructs do exist in the sample and are contributing to the fluorescence.
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Figure 31. Simulated results (top) and experimental results (bottom) for AF594
(chromophore B).

AF488 Results

Based on the theoretical transfer rates, the combined transfer efficiency to all
acceptors from AF488 is 70%. Therefore, the fluorescence decay constant of AF488
should be 70% smaller than its intrinsic decay constant of 4 ns, resulting in 1.2 ns.
However, because of partially formed networks, the fluorescence decay is expected to be
multi-exponential with a 1.2 ns component as well as a ~4 ns component. shows the
comparison between simulated data and experimental data for AF488 fluorescence. The
simulated data, based on the assumption that every network in the sample is a perfectly

formed network, shows that the decay constant is approximately 70% smaller than the
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intrinsic lifetime. A multi-exponential fitting can be used to fit a curve to the
experimental data, with a 1.2 ns component and a 3.9 ns component (R? of 99.8%). The
1.2 ns component, as expected, is a result of RET to AF594 and AF647. The 3.9 ns
component is due to fluorescence of AF488 molecules that do not undergo RET. Based

on the coefficients of these exponential decaying components, the yield was estimated to

be 41%.
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Figure 32. Simulated (top) and experimental (bottom) fluorescence decay curves for
AF488 (chromophore A).

Watrob analysis proves to be an acceptable analytical validation of SCIMM while
experiments with three-chromophore systems provide an experimental validation. In
Chapter 5, SCIMM is used to simulate potential C-DEV designs including one that was

experimentally tested. Since C-DEV involves non-linear effects such as chromophore

75



saturation, those results further prove that SCIMM is an accurate simulator of

chromophore networks.

45. Related Work

There have been a few different simulation tools or models of energy interactions
in chromophore complexes that have been published over the years. The models fall into
two main categories: quantum-mechanics / molecular mechanics hybrid models and
stochastic models based on Monte Carlo random walks or Markov chains. Specific

models in each category are discussed in further detail in the following sections
Quantum Mechanical Models

Zhu et al. [58], describe a simulation model of excitation energy transfer in
supramolecular Pheophorbide-a chromophore complexes in solution. The detailed
explanation of the expressions that are derived in this model is beyond the scope of this
report but can be found in the corresponding reference. In this model, the quantum
mechanical Hamiltonian (energy operator) for the entire chromophore complex is
defined as the sum of the kinetic energy and the potential energy surfaces (PES) of all
the chromophores in the complex. The PES of each chromophore characterizes the
excitation of a given chromophore and includes the electrostatic coupling with all the
other chromophores in the complex. Using this Hamiltonian, they solve for the

eigenvalues or energy states that satisfy Schrodinger’s equation. They use these energies
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and the spatial information of the chromophore complex to translate the molecular
density to an electronic charge density. Then, they derive an expression for inter-
chromophore coupling based on the electronic charge density. They add in various
molecular-level dynamics, such as vibrational motion of the chromophores, to the inter-
chromophore coupling relation. They use this expression along with rate equations
described by Forster’s theory to come up with a time-dependent exciton density matrix.
From this, they derive expressions for time-resolved and frequency-resolved
fluorescence of the chromophores.

Simulation of a given chromophore complex using this process entails running
molecular dynamics simulations to obtain the vibrational and molecular mechanics
components. Because the complexity of molecular dynamics increases with higher
temperature, the quantum mechanical model described in [58] is only applicable if
characteristic energy differences to be overcome in the excitation energy motion are less
than or equal to the thermal energy defined by Boltzmann’s relation. While this model
can provide accurate time-resolved and frequency-resolved fluorescence information, it
involves molecular dynamics simulations that can be unwieldy when testing out
multiple chromophore complexes in an expeditious manner.

There are several other publications that describe models that are based on

quantum mechanics and molecular dynamics [59-61]. Most of these publications state
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that the motivation for such models is to design artificial light harvesting complexes
similar to those found in plants. For example, in [61], the authors derive a second-order
time-convolution master equation from the principles of quantum mechanics. They
conclude that this equation can be used to accurately estimate the energy transfer

efficiency of light harvesting complexes.
Stochastic Models

While the quantum mechanics & molecular mechanics approaches involve
modeling of electronic wave functions in a mechanical force field, the stochastic models
described in this section rely on the random nature of excitation of electrons in
molecules. As described earlier, the rates of fluorescence, quenching, and transfer to
nearby molecules can be determined using Forster’s theory based on known or easily
obtainable information about individual chromophores. These rates can be used in a
random-walk process (Monte Carlo approach) or in time-resolved energy migration
dynamics solved using differential equations (Markov chain approach). The Markov
chain model was described in Section 4.1. Here, we describe the Monte Carlo method
and highlight key differences between this method and the Monte Carlo component of
SCIMM.

Demidov in [56], describes a Monte Carlo based simulation tool to simulate

energy migration in molecular complexes. In this model, the user first defines the
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number of excitations to “play” through the simulation. Higher number of excitations
that are played through are indicative of higher intensities of incident light. Due to the
law of large numbers, the accuracy of the model increases as more excitations are
simulated. Based on the user-defined chromophore network settings, the model
generates the spatial structure of the network of chromophores, including the
coordinates of the chromophores and the coordinates of their absorption and transition
dipole moments. The next step in the model is to calculate the pairwise transition
probabilities using Forster's theory. The model then determines the number of absorbed
photons using an incident flux setting and the absorption cross section of all the
chromophores in the network. Then the next state for each excitation is randomly chosen
based on the fluorescence, quenching, singlet-singlet annihilation, and transition
probabilities. This process is repeated until all the excitons are resolved. This approach
allows for multiple excitation and deexcitation events to be processed simultaneously,
thereby providing the capability to capture inter-chromophore effects. For example, in a
three-chromophore system, an excited chromophore typically has four de-excitation
paths — transfer to either chromophore, fluoresce, or quench. However, if one of the
accepting chromophores also happens to be in an excited state, the former chromophore
would only have three pathways, due to one of the accepting chromophores being in a

saturated state.
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The key difference in this Monte Carlo model and the Monte Carlo component
used in SCIMM is related to the probabilities used in a weighted random determination
of next-state. In Demodov’s Monte Carlo model, steady-state probabilities calculated
from Forster's theory are used to determine the next state, i.e., the probability for a given
de-excitation path (next state) is calculated by taking the ratio of the de-excitation path
rate to the sum of the rates of all de-excitation paths. In reality, the probability for a path
approaches a steady-state probability in a finite amount of time. As the time-step is
decreased (to increase the accuracy of a random walk), the difference between the
steady-state probabilities and the time-resolved probabilities (such as those determined
from a Markov chain solution) increases.

Figure 33 shows the difference between the steady-state (dotted lines) and time-
resolved (solid lines) probabilities for a three chromophore network. As is evident, the
time-resolved probabilities converge with the steady-state probabilities eventually;
however, initially, the difference between the two sets is large. During a simulation of a
given network of chromophores, if the simulation resolution is high (simulation time
step is small), the outcome of a randomly selected next state for an exciton can be highly
inaccurate if the steady-state probabilities are used. If all the states in the network of
chromophores shown in the inset in Figure 33 remain constant with time, then a Monte

Carlo trace using time-resolved probabilities will yield the same result as that from a
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trace using steady-state probabilities. However, if the states in the network change with
respect to time, the Monte Carlo traces obtained would vary based on the set of
probabilities chosen. Therefore, it is important to use time-resolved probabilities for
short time-step simulations. The time-resolved probabilities are extracted from CTMC
solutions; therefore a hybrid model that uses both Monte Carlo (to capture dynamic

states) and Markov chains (to extract time-resolved probabilities) was used in SCIMM.
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Figure 33. Time-resolved probabilities (solid lines) and steady-state probabilities
(right) of the next state for an exciton starting in node A in the chromophore network
shown in the inset.

In conclusion, we described our systematic design process in detail in this
chapter. Our process consists of user-defined rules and metrics and automated tools that
help with design space pruning and physical simulation of chromophore networks. In
the next chapter, we present a step-by-step walk through of our design process to
determine the best chromophore network configuration for a RET device called a C-

DEV.
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5. Closed-Diffusive Exciton Valve

A semiconductor transistor is an electronic device in which the input to output
transfer function depends on an external electric field. It is the building block for both
analog and digital computing elements such as amplifiers and logic gates. Similarly, a
closed-diffusive exciton valve (C-DEV) is a resonance energy transfer (RET) based
molecular switch in which the input to output transfer function is controlled by an
external light source. A C-DEV can be used as a foundation for more complex logic
functionality, including basic gates such as AND and OR. RET-based devices such as C-
DEVs can enable computing in various organic and/or biological environments, which
are typically not conducive to semiconductor devices.

In [33], Thusu conceptualized, designed, and experimentally demonstrated a C-
DEV. The device, which was designed using ad hoc methods, had an on-off ratio (a key
measure of performance) of 2.19. In this chapter, we describe a C-DEV that was designed
using our systematic process. We first introduce the design principles and define the
performance metrics of a C-DEV, followed by a step-by-step illustration of how our
systematic design process was used to create a C-DEV that performs up to 15x better
than former designs. We also show that the device performance remains stable over a

relatively long period of time (up to 30 mins), which has not been shown on C-DEVs
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before. Additionally, we briefly describe the fabrication processes and characterization

techniques used in our experiments.

5.1. Design Principles

Device Operation

A C-DEV consists of four different types of chromophores: source, mediator,
drain, and gate, as shown in Figure 1. The source chromophore acts as a “power source”
to the device and is the main source of excitons in the system, similar to the source node
in a MOSFET. The output of a C-DEV comes from the fluorescence of the drain
chromophore, similar to the drain node of a MOSFET. The mediator chromophores are a
set of identical chromophores that are spaced between the source and the drain. The
mediator channel is similar to the conducting channel in a MOSFET. The gate
chromophores are the inputs to the device and are placed in parallel to the mediators to

create an alternate path for the excitons in the mediators.

Figure 34. Comparison of C-DEV vs. MOSFET. Similar to how source (S) to drain (D)
electronic current is controlled by the presence of an electric field on gate (G) in a
MOSFET, S chromophore to D chromophore exciton current is controlled by the
presence of excitation of G chromophores.
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There are two mechanisms that are integral to the operation of a C-DEV: exciton
diffusion and chromophore saturation. In the absence of any gate chromophores, the C-
DEV essentially becomes a homo-RET wire (see Section 2.2). When a homo-RET wire is
presented with the right input conditions, the excitons generated at the source diffuse
through the mediators into the drain. Diffusion occurs when there are multiple excitons
generated at the source which force the overall transfer of excitons towards the drain. If
only one exciton is pumped into the wire, the exciton could potentially hop between
mediators for extended periods of time because transfer efficiencies between mediators
are identical in either direction. When the source chromophore is constantly pumped
with excitons, the mediators tend to transfer only in the direction of the drain; in other
words, excitons diffuse to the drain. The gate chromophores are designed to control this
diffusion process.

When the gate chromophores are kept in ground state, they act as acceptors to
excitons from the mediators and siphon off excitons before they can get to the drain.
Therefore the total fluorescence from the drain is minimized. On the other hand, if the
gate chromophores are directly excited at a sufficient rate using an external light source,
they transition into a saturated state. When the gates are saturated, the likelihood of
siphoning off excitons from the mediators decreases due to competition for gate

excitation. In an ideal case, the gate chromophores are kept in their excited state
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(occupied) almost constantly by the external light source and become virtually non-
existent (unable to accept excitons through RET) from the perspective of the mediators.
In this case, the device is virtually rendered to a homo-RET wire with efficient transfer of
excitons from the source to the drain, resulting in higher drain fluorescence. Figure 35

shows a truth table summarizing the C-DEV operation.

Source Gate Drain
Excitation Excitation | Fluorescencq

off off None
off On None
On Off Low
On On High

Figure 35. Truth table for C-DEV. When source excitation is on, drain fluorescence
follows gate excitation (output follows input).

In an ideal case, each C-DEV construct must be able to absorb multiple excitons
almost simultaneously in order for it to function as per the description above. For
example, in order for the exciton diffusion to occur, there is a need for multiple source
chromophore absorptions on the same C-DEV construct in quick (<1 ns) succession.
Similarly, in order to achieve total saturation on the same C-DEV device, all the gate
chromophores must be simultaneously excited. Given realistic laser power intensities
and excitation probabilities, achieving total saturation and lossless diffusion is very

challenging. For example, the given a laser intensity of 500 mW (one of the more
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powerful laser diodes that is available in a package compatible to our experimental
setup) and typical sample volumes, concentrations, and absorption cross-sections, the
likelihood of achieving total saturation over a time period of 1 ns on a single C-DEV
device can only be as high as 1.2-1.5%. However, the C-DEV can still serve the purpose
of a molecular switch even if only one exciton is absorbed by the gate chromophores and
only one exciton is in the mediator channel. This is because the excitons, in the presence
of high transfer efficiencies in either direction (especially for diffusion), can hop around
the system for a fairly long time (>10 ns). Consider a chromophore pair where the RET
efficiency from one to the other and vice versa is 90%. In this case, after each RET event,
there’s a 90% chance of another RET event occurring, thereby extending the effective
lifetime of the exciton. With elongated lifetime of excitons, multiple excitons can
eventually enter the system in order to create the right conditions for a C-DEV to

function like a switch.
C-DEV Performance Metrics

There are three key performance metrics for a C-DEV: on-off ratio, “on” exciton
current, and device stability. According to the truth table, the output chromophore
(drain) fluoresces more when the input is “1” or on and fluorescence less when the input

is “0” or off. The on-off ratio is the ratio of total drain fluorescence in the “on” case to the
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total drain fluorescence in the “off” case. In order to differentiate between the two states,
it is better to have as high of an on-off ratio as possible.

The second performance metric is the “on” exciton current as measured by the
total drain fluorescence in the “on” case. In semiconductor logic circuits, the output
current of the circuit determines the maximum fan-out of the device. In other words, the
output current dictates the number of downstream logic devices to which the output of
the device can act as an input. Similarly, in order to drive downstream RET devices, it is
important to maximize the output exciton current of a C-DEV.

The third performance metric comes from monitoring the first two metrics over
an extended period of time to measure device stability. In their excited states,
chromophores are susceptible to rearrangement of their molecular structure by
interacting with molecules in the microenvironment. This could cause permanent
damage to the chromophore resulting in an inability to fluoresce in a process known as
photobleaching. Photobleaching rates depend on the microenvironment (especially the
concentration of oxygen molecules which promote photobleaching) and chromophore
types. Some families of chromophores are especially susceptible while other families
have long photobleaching lifetimes (decay constant of photobleaching rate). For
example, Alexa Fluor 680 and ATTO 680 both have similar characteristics such as

excitation and emission spectra, fluorescence lifetimes and quantum yields, and
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extinction coefficients. However, Alexa Fluor 680 is much more susceptible to
photobleaching than ATTO 680. Furthermore, photobleaching rates of a single type of
chromophore can vary depending on whether it is unattached (free dye) or conjugated
to DNA and other molecules. Therefore, it is important to characterize the stability of a

RET device in which chromophores are excited for a prolonged period of time.
Design Principles

In the systematic design process described in Chapter 4, the first two steps are to
establish an exciton flow graph and list the design rules and metrics for the RET device.
These steps are implemented by the user based on domain knowledge acquired through
RET fundamentals and prior experiments and observations. For the C-DEV, we
determined our design rules and metrics based on a certain set of design principles
described below. These principles guided the systematic exploration of our C-DEV
design, as explained in the next section.

Mediator channel length. The number of mediators in the channel affects the on-
off ratio of the device. As the channel length increases, the likelihood of excitons
diffusing all the way to the drain chromophore decreases because of increased
likelihood of excitons sinking into gate chromophores (in the “off” state). This results in

a lower “oft” current, which is one of the ways to maximize the on-off ratio.
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Number of source chromophores. The source chromophores provide the energy
that eventually sinks into the gates (during “off” mode) or reaches the drain (during
“on” mode). By increasing the number of source chromophores, the concentration
gradient in excitons forms faster, thus enabling faster diffusion. Having more source
chromophores is analogous to increasing the VDD voltage in a semiconductor transistor.

Number of gate chromophores. Gate chromophores act as a sink for excitons in
the “off” mode. Therefore, fewer gate chromophores decreases the ability of the gates to
collectively remove excitons from the mediator channel, thus increasing the “off”
current. However, as the number of gate chromophores is increased, the amount of
energy required to achieve complete saturation of gate chromophores also increases.
Consequently, it becomes harder to achieve a higher “on” current. Increasing “off”
current or decreasing “on” current both result in poorer on-off ratios, thus creating a
design trade-off.

Fluorescence lifetime of the gate chromophores. In the “on” condition, if a gate
chromophore is excited using an external light source, it remains occupied and unable to
accept excitons from the mediator until it goes back to ground state through some de-
excitation process. If the gate chromophore had a long fluorescence lifetime, the average
time it remains occupied increases, which reduces the minimum energy required to

achieve total gate saturation. This feature is especially important when RET networks
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are cascaded together to enable more complex functionality. When an external light
source is used, it may be easy to saturate chromophores with a high power laser diode.
However, when the output of a C-DEV is used to achieve saturation of the input of a
downstream RET device, the energy available is limited due to lower drain current
when compared to external light sources.

Number of drain chromophores. Increasing the number of drain chromophores
increases the total drain fluorescence, which is especially helpful if the output of a C-
DEV is used to drive the input of other downstream devices. This is analogous to
increasing the output current of an electronic device to support a higher fan-out.

Quantum yield of drain chromophores. Another way to increase the total drain
fluorescence is to increase the fluorescence quantum yield of the drain. Higher quantum
yield means that more excitons are likely to fluoresce from an excited chromophore, thus

increasing output current.

5.2. Design & Simulation

Design Exploration

Having defined the design metrics and principles, the next step is to find the best
chromophore network configuration for a C-DEV. The best network configuration is
determined by first identifying all the network combinations (given a set of search

parameters) that meet the user-specified requirements and subsequently determining

90



the network that maximizes the user-specified performance metrics. It is important to
note that the best network identified using one set of search parameters may not be the
absolute best chromophore configuration for a given functionality. The quality of a
network configuration depends largely on how the user defines the search parameters
and performance metrics.

Figure 36 shows a sample of the different topologies tested using CNet Design
Explorer in an effort to design a C-DEV. Designs 1-4 explore the channel length
parameters while designs 5-8 explore the effect of the number of source, drain, and gate
chromophores in the device. Designs 9-16 were tested in order to determine the effect of
the location of gate chromophores with respect to source, mediator, and drain
chromophores. In the design tool, a topology is defined by specifying the pattern and
the type of chromophore in a grid. The grid spacing can then be specified as part of the
search settings. For each topology, we used grid spacing ranging from 2 nm to 5 nm.
Furthermore, we included all the chromophores from the ATTO (AT) and Alex Fluor
(AF) families in our search criteria. Based on these settings, each topology constituted

over 100 million combinations of chromophore networks.
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Figure 36. Chromophore network topologies used in C-DEV design exploration.
Various parameters, such as mediator length, gate-drain distance, and number of
chromophores, were explored.

Once a topology is defined, the next step in the process is to specify design rules
in order to prune the large design space. Our design rules were based on inter-
chromophore transfer efficiencies which are shown in Figure 37 (a). Designs 9, 10, and 13
required slightly different transfer efficiency settings, as shown in Figure 37 (b), because
the idea behind these topologies is that the excitons are siphoned off from the source

into the gate directly, rather than from the mediators. Therefore, the source to gate
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transfer efficiency (TE) was set to be higher than 70% while mediator to gate was
unspecified. The drain to gate TE design rule was unspecified for all topologies because

transfer to mediators and gate, due to diffusion and saturation, is unlikely.
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Figure 37. Transfer efficiency based design rules for the C-DEV. In (a), the design rules
are for topologies that enable excitons from mediator to sink into the gates. In (b), the
design rules are for topologies that enable excitons to sink from the source to the gate
directly; therefore, source to gate TE was changed from <20% to >70%.

Once these design rules were applied, the number of possible combinations of
chromophores decreased to around 1500 to 2000, depending upon the topology. These
networks were given a unique network ID, which is used to identify and track the
networks in subsequent design rule checking and metrics qualification processes. Each
qualifying network was evaluated twice using the CTMC simulation algorithm — once

for the “off” case and once for the “on” case. For both the input conditions, the source
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chromophore was chosen as the initially excited chromophore. Additionally, the gate
chromophore was chosen as the saturated chromophore for the “on” case only. The
CTMC simulation algorithm emulates saturation by removing the designated
chromophore from the Markov chain in order to emulate the inability of that
chromophore to take part in RET as an acceptor. Based on our analysis, we found that
design #16 (see Figure 36) had the topology that met all the design rules while providing
the best C-DEV metrics. Therefore, we used the results from this topology as examples
in our walk-through of the rest of the design process.

CTMC provides the normalized fluorescence probability of each chromophore
type in a given network of chromophores. The probability distributions for an example
C-DEV network from topology #16 are shown in Figure 38 for both the “off” (a) and
“on” (b) conditions. This particular network, labeled “d16_n19” for design #16 and
network ID #19, has AF405 assigned to the source chromophore, AT495 to the mediator,
AF594 to the drain, and AT680 to the gate. Furthermore, the grid spacing that
corresponds to this network is 2 nm. In other words, the distance between two adjacent
chromophores was set to 2 nm. In the “off” condition, it can be seen that the drain
fluorescence probability (yellow) is very low while gate fluorescence (purple) is high. In

the “on” condition, gate fluorescence probability is reduced and the drain fluorescence
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probability is increased. This indicates that the network behaves the way a C-DEV

should for both the input conditions.
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Figure 38. CTMC solution for network #19 in design #16. In the “off” condition (a), the
drain fluorescence (yellow) is negligible. In the “on” condition (b), the gate
chromophores are removed as eligible acceptors in the network, leading to an increased

drain fluorescence.

The probability of drain fluorescence in the “on” case represents the relative total

florescence intensity of the drain, which is one of the metrics used to evaluate a C-DEV.

Another metric — the on-off ratio — is defined as sum of the probability of drain

fluorescence in the “on” state divided by the same in the “off” state.
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Figure 39. Colored dots represent the on-off ratio of potential network configurations
as a function of normalized “on” fluorescence. Networks in group 1 have high on-off
ratio but low “on” current; the opposite is true for networks in group 2. Group 3 consists

of networks that balance the two parameters and thus may contain the best network for
a C-DEV.

Figure 39 shows color-scaled on-off ratios for various qualifying network
combinations plotted as a function of total drain fluorescence in the “on” condition. The
x-axis shows the unique network ID and the color-bar for the on-off ratio is set to a red-
blue scale where red represents high ratio and blue represents low ratio. The best C-DEV
is one that maximizes the on-off ratio as well as the normalized “on” total fluorescence.
Some of the networks that have the highest on-off ratios (indicated by annotation
“group 1”) have low “on” fluorescence while some networks that have the highest “on”
fluorescence (group 2) have poor on-off ratios. Group 3 consists of networks that

maximize both the metrics and can therefore lead to a C-DEV design with the best
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performance. In this particular case, the network IDs that are in group 3 are: d16_n18,
d16_n19, d16_n20, d16_n21.

For proper operation of the C-DEYV, it is important to be able to do the following:
1) excite the source exclusively, 2) excite the gate exclusively, and 3) detect the
fluorescence of the drain exclusively. In order to define these tasks mathematically, we
created wavelength-dependent excitability and detectability parameters for a given

chromophore type, as shown in Eq.8 and EQ.9.

NN 0 11 o
%QAECDJNAE,(SO%% Eq.8

$AOAAOAAW Eq.9

The excitability of chromophore i at wavelength A is given by the ratio of the
absorption of chromophore i at A to the sum of absorption of all the other chromophores
in the network at A. Similar logic is used to determine the detectability values. Values
closer to zero indicate better exclusiveness. For example, if AT680 has a detectability of
0.1 in network 1 but 1.5 in network 2, network 1 would be a better choice. Ex_Adj and
Em_Adj are adjusted excitation and emission spectra of the chromophores, respectively.
The adjusted excitation spectrum for a chromophore is determined by normalizing the
excitation spectrum (peak excitation is set to 1) and multiplying it by the chromophore’s

extinction coefficient. Similarly, the adjusted emission spectrum is determined by
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multiplying the normalized emission spectrum (peak emission is set to 1) with the
chromophore’s quantum yield. Figure 40 shows the adjusted excitation (a) and adjusted
emission (b) spectra for all the chromophores in network d16_n19. The next step is to
determine the best excitation wavelength for the chromophores that need to be
exclusively excited — source and gate for C-DEVs. This is simply done by finding the
wavelengths at which the source and gate excitability values are minimized. Similarly,
the best detection wavelength of the drain (output chromophore) is determined by
finding the wavelength at which the drain detectability value is minimized. The best

wavelengths are annotated on the excitation and emission spectra in Figure 40.
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Figure 40. (a) Adjusted excitation spectra for chromophores in the selected C-DEV
design. The black vertical line represents the best wavelength for source excitation and
the dotted line represents the best wavelength for gate excitation. (b) Adjusted
emission spectra for chromophores in the selected C-DEV design. The black line
represents the best wavelength for drain fluorescence detection.

Figure 41 shows source (a) and gate (b) excitability values and drain detectability

(c) values at the corresponding best excitation and detection wavelengths plotted as a
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function of network ID, where the color of the dots represents the on-off ratio in the

same red-blue scale used in Figure 39. Gate excitability for all of these networks is 0

indicating that there are certain wavelengths at which the gate chromophores can be

excited exclusively in each of the qualified networks. This is advantageous because gate

excitation sources may be required to be high in intensity in order to achieve saturation;

having the ability to exclusively excite the gate ensures that the high-intensity light

source does not interfere with the function of other chromophores in a C-DEV. Among

the networks that belong to group 3 (dotted circles), d16_n19 (black arrow) has the

lowest (best) source excitability and the lowest (best) drain detectability. Therefore, this

network can be designated as a candidate for in-depth simulation using SCIMM.
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Figure 41. Chromophore networks plotted as a function of source excitability (a), gate
excitability (b), and drain detectability (c). The color of the dots represent the on-off
ratio as indicated by the color bar. Group 3 networks (as shown in Figure 39) are circled
in each of these graphs; the network with the best combination of excitability and
detectability values is d16_n19 (arrow).

SCIMM Simulations
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An experiment description file (EDF) was setup for SCIMM using the network
specified by d16_n19 consisting of AF405, AT495, AF594, and AT680 chromophores. The

inter-chromophore distances and chromophore labels are shown in Figure 42.
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Figure 42. Structure of a qualified C-DEV design.

In the first SCIMM test, the source was set to an excited state artificially at the
beginning of the simulation; the network was simulated 1000 times. Figure 43 (a) shows
the number of fluorescence events from each of the chromophore types. As expected,
most of the excitons ended up sinking into the gate chromophores and subsequently
fluorescing. The number of de-excitation events do not add up to 1000 due to non-
radiative quenching loss seen at various chromophores, in accordance with their
quantum yield values. Next, the simulation was repeated but with the gate
chromophores removed from the network in order to emulate complete saturation, the
results of which are shown in Figure 43 (b). The drain fluorescence seen in this

simulation sets the bar for the best-case drain fluorescence that can be achieved with
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gate chromophores present and saturated using an external light source. As expected,
roughly 28% of the excitons fluoresced from the drain. The final SCIMM test with
artificially excited source was conducted with the gate chromophores brought back into
the system and artificially excited at the beginning of the simulation. In this case,
approximately 24% of the excitons from the source fluoresced from the drain, as shown
in Figure 43 (c). This is indicative of a working design for a C-DEV that can be analyzed
further to evaluate performance. In the final simulation, the gate chromophores also
fluoresced significantly (the number of events is ~1300 and too large on this scale)
because of the presence of an additional light source contributing more excitons into the

system than in the previous two simulations, as expected.
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Figure 43. Fluorescence events, as per SCIMM simulations, by chromophore type for
various input conditions: (a) C-DEV with source excited, (b) SMD with source excited,
and (c) C-DEV with both source and gates excited.

In the next set of SCIMM simulations, light sources were also modeled into the

EDF in order to simulate the excitation model. A 405-nm laser diode with 10 nm
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bandwidth and 40 mW power was introduced as the main supply of excitons for the
source chromophore. A 670-nm laser diode with a 20 nm bandwidth and 500 mW power
was used as the light source for gate excitation. These values were used in order to
emulate laser diodes that were commercially available and could be used in the physical
experiment. In SCIMM, the light source model has a parameter called transmission factor
that can be used to control the amount of power (0 to 40 mW for a diode at 405 nm, for
example) incident on the chromophore network. In the first simulation with light
sources, the gate excitation power was swept in order to observe the point at which the
fluorescence from the gate chromophores starts to flatten, which is indicative of

chromophore saturation.
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Figure 44. Number of absorption events (a) and corresponding fluorescence events (b)
for the gate chromophores as a function of gate excitation power in the selected design
for C-DEV, as per SCIMM simulations.

As shown in Figure 44, the saturation occurs at approximately 40% of the peak

power. It can also been seen that the maximum number of absorption events (a) is
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around 20,000 (given the sample concentration and simulation time span settings) and
the corresponding number of fluorescence events (b) is approximately 7,200. The ratio of
fluorescence events to absorption events is around 0.36, which is the specified quantum

yield of the gate chromophores.
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Figure 45. Number of fluorescence events as a function of source excitation power for
the C-DEV in the “off” case (a) and “on” case (b), as per SCIMM simulations.

The next simulation consists of a power sweep of the source chromophore
excitation in the two input conditions: without gate excitation (“off”) and with gate
excitation (“on”) at 40% of the peak power. Figure 45 shows the fluorescence events as a
function of source excitation transmission factor for both the “off” (a) and “on” (b) cases.
In the “on” case, the drain fluorescence increases with source excitation power because

the gate is kept in a saturated state, as evidenced by the constant number of fluorescence
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events of the gate. In the “off” case, the drain fluorescence remains low for a certain

range of source excitation levels, after which it starts increasing.

ON-OFF Ratio
407 ®
30¢
°
=
g 201
®
°
10+ . » -
* .
e * L .
0 |

0 0.2 0.4 0.6 0.8 1

Source Transmission Factor

Figure 46. On-off ratio as a function of source excitation power for the selected C-DEV
design, as per SCIMM simulations.

More interesting is the fact that gate fluorescence also increases with source
power, even without the presence of a direct excitation supply for the gate. This is
indicative of the gate chromophores approaching saturated state upon excitation from
the mediators. In essence, at higher source excitation power, the device is transitioning
into the “on” state even without the 670-nm laser diode excitation. This establishes an
operational trade-off for the C-DEV. With low source excitation power, higher on-off
ratios can be achieved but at the cost of smaller drain current. In fact, when the source

excitation power was less than 10% of peak excitation, there were no drain fluorescence
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events in the “off” case, resulting in a virtual infinite on-off ratio. Higher drain

fluorescence can be achieved but at the cost of smaller on-off ratio. This relationship is

especially evident in Figure 46 which shows the on-off ratio as a function of source

excitation power.

Based on all the simulation conducted using a theoretical C-DEV design, it is

evident that the chosen design exhibits the desired device behavior and can be

fabricated to ensure device functionality. The next step is to map the theoretical design

to actual sites on a self-assembled DNA scaffold.

Mapping Design to DNA Scaffold

Tile 5

Tile 6

J) C

GDEV Region

Figure 47. Region of interest for a C-DEV on a 2-tile grid in the hierarchical self-

assembly process described in [54].

The DNA scaffold we used for our device is a cross-shaped tile, as discussed in

Section 3.2. We fabricated our C-DEV device in the region between tile #5 and tile #6

(orange-shaded region of Figure 47) of a self-assembled DNA grid because this region is
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well characterized based on several prior experiments. The numbers 5 and 6 for the tiles
refer to specific DNA structures; the numbering scheme, nomenclature, and sequences
of the constituent DNA strands can be found in [62]. Appendix B3 also lists the specific
sequences used for Tiles 5 and 6. The shaded region consists of two double helices of
DNA, both of which start and end with parts of the core strand (shown in black in
Figure 47) in both the tiles. In order to determine the distances between the attachment
points, we first had to develop a DNA model. Models for one double helix are well
defined based on Watson and Crick’s findings [63]. We developed a model for two

parallel double helices as shown in Figure 48.

|—Core A——SA1——SA2 =——SA3=——SA4 —Arm 54——Arm 6.2 + 3' * 5|

Figure 48. Parallel double-helices model for tile-based self-assembled DNA grids
described in [54].

Here, the strands are labeled as per their nomenclature found in [62]. The
diamond at the end of each strand indicates the 3" (read as “3-prime”) end and the circle
indicates the 5" end. Each DNA strand consists of these two standard ends; the 3 and the

5 refer to the numeric identification of the carbon atom in the pentose ring of the ribose.
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Our model is unique to our DNA grid — how the major grooves and minor grooves of
the two helices align with each other was determined based on assumptions enabled by
prior characterization of the grids [12, 33].

Furthermore, we used attachment chemistry that promotes isotropic rotation of
chromophores, which leads to an isotropic distribution of transition dipoles. In order to
account for the variation in distance between chromophores as they rotate about an
attachment point, we used a chromophore pose distribution model with isotropic
settings and determined the average inter-chromophore distances. The pose distribution
model is introduced in Chapter 7 in the context of experiments in orientation control.

Due to our requirement of using isotropic linkers, we were limited to using only
the thymine bases and the 5" and 3" ends of each DNA strand. Based on site availability
and distance requirements of our theoretical design, we mapped our C-DEV onto the

DNA structure as depicted in Figure 49.

|=——Core A=——SA1 ——SA2 ——SA3——SA4 —Arm 5.4=——Am 6.2 + 3' * 5

Figure 49. C-DEV mapped to the region of interest on a self-assembled DNA grid. All
the chromophores (except for M1 and M2) are attached exclusively to a unique strand.
M1 and M2 are both attached to the same strand — Arm 6.2.
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In this design, almost all the chromophores (except for M1 and M2) are on
different DNA strands, which is advantageous for fabrication. Given the attachment site
constraints, M1 and M2 have to be attached to the same strand but with filtering
techniques such as HPLC, we were able to achieve purified strands. SCIMM simulations
were repeated using the mapped design (with average distances derived from the DNA
model). The slight variation in chromophore coordinates did not make a difference to
the general trends shown in previous simulations. With the C-DEV design mapped to a

physical DNA structure, the next step is to fabricate the device for physical experiments.

5.3. Experimental Methodology

C-DEV Fabrication

In Chapter 3, we described the process of fabricating chromophore networks.
Here, we discuss the specific steps taken to fabricate the C-DEV. First, we obtained DNA
strands with the required site modifications (according to design mapping) from
Integrated DNA Technologies (IDT). The modified strands are listed in Appendix B1.
The strands arrive in lyophilized form initially so they were re-suspended in a
compatible buffer. Any DNA strands without any amino modifications were buffered in
1x TAE (diluted from 50x TAE from ThermoFisher Scientific, Catalog #24710030). DNA
strands with amino modified linkers were suspended in 100 mM NaTB prepared from
the recipe found in Appendix A1.2. The buffered strands were aliquoted into smaller
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volumes and stored in -80°C freezer in order to elongate their lifetime. The strands were
suspended at concentrations of 30 mM for shell strands and 15 mM for arm and core
strands, as per instructions found in [62]. NHS-ester moiety of the chromophores were
obtained from various vendors (Life Technologies, Sigma-Aldirch) and suspended in
DMSO buffer at millimolar concentrations.

The conjugation protocol described in Appendix A2 was used to attach
chromophores to the corresponding DNA strands. The protocols recommend using a
high concentration of chromophores with respect to the concentration of DNA in order
to maintain a high dye to site ratio, which often results in higher conjugation yields.
Even then, the conjugation yields are less than 100% (with an average around 60%) so it
is important to purify the labeled DNA strands. The free dye is first filtered out using
size exclusion columns (Bio-Rad, Catalog #7326221) using protocols found in Appendix
A3.2. The labeled DNA strands were separated from unlabeled strands using High
Performance Liquid Chromatography (HPLC) as per protocols found in Appendix A3.3.
Tile synthesis protocols found in [62] were used to form the C-DEV and related

variations (for example, C-DEV without the gates — also called SMD).
Experiment Setup

In order to test the C-DEV, we used an optical setup as depicted in Figure 50. It

consists of three light sources: Sanyo DL5146-101S (405 nm, 40 mW) for source
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excitation, Sony SLD1332V (670 nm, 500 mW) for gate excitation, and NKT SuperK
EXTREME EXW-6 supercontinuum pulsed laser (8W total power, 80 MHz pulse rate).
The NKT laser was used to test characteristics of the mediator and drain chromophores
since their peak excitation is in the visible range. The laser diodes were mounted onto
temperature-cooled mounts (Thor Labs TCLDMDY), each of which was controlled by a
separate benchtop temperature controller (Thor Labs TED200C). The laser diodes were
controlled using two separate current controllers (Thor Labs LDC220C). Both laser

diodes were collimated using spherical lenses (L1 and L2).
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Figure 50. Optical setup for C-DEV experiments. The light sources are 405-nm laser
diode, 670-nm laser diode, and a supercontinuum laser. Collimation, filtering, and
focusing optics are used to optimize the setup. Polarizers (P1 and P2) are used to
modulate laser diode output power when operating at threshold current.

Furthermore, optical polarizing lenses (P1 and P2) were used to modulate the

intensity of the beams from the laser diodes in a predictable manner. The polarizer was
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especially necessary for the 405-nm diode because we wanted to perform power sweeps
from very low intensity to high intensity to replicate power sweep simulations
performed using SCIMM. Such low intensities would require the laser diode to be
operated in the sub-threshold region which leads to unwanted diode behavior. A
polarizing lens, on the other hand, provides an angle-dependent intensity for polarized
incident light beams, in accordance with Malus’s law [64].

Plastic cuvettes from Eppendorf (Sigma-Aldirch Z605050) were used to hold the
samples; Thor Labs CVH100 was used to hold the cuvette in the beam path. The light
incident from the sample (through fluorescence or scatter) was collected and focused
onto a grating (Richardson Gratings 53-*-330R) in a monochromator using a set of
focusing lenses. Additional optical filters were used in certain experiments in order to
remove scattering from high-powered light beams. The filtered photons from the
monochromator generate electric signals when incident upon a single photon avalanche
diode (IDQ id100 series), or SPAD. A photon counter (Stanford Research Systems SR400)

was used to keep track of the number of collected fluorescence events.
Steady-State Analysis
C-DEV performance is evaluated using three metrics: on-off ratio, “on” current,

and performance stability over time. The general method of collecting data for these

metrics is to excite a sample containing the device (or a variation of the device) with one
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or both of the laser diodes, set the monochromator to a certain detection wavelength,
and collect using the photon counter to count detection events over a set period of
integration time. Eq. 10 shows the notation used to describe a specific measurement.

“Y-t:f Eq.10
S stands for sample name which can be one of the following: B for blank (no
chromophores), SMD (C-DEV without the gates), C-DEV, and X-Only (DNA grid with
just the one type of chromophore where X can be S, M, D, or G). The blank sample
consists of the two-tile DNA structure without any chromophores and is primarily used
to measure the noise in the collection system. In the notation above, the subscript
indicates the excitation wavelength and the superscript indicates the detection
wavelength.

In order to determine the on-off ratio for a C-DEV, it is first important to
determine the “on” fluorescence intensity and “off” fluorescence intensity separately, as
shown in Eq.11and Eqg.12

‘YO 600w 6 Eq.11

YO 000w 0 Eq.12

The noise floor (obtained using the blank sample) must be removed from the total drain
fluorescence counts in order to get an accurate on-off ratio because the noise floor does

not change between the two input conditions. Furthermore, it is critical that the
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integration time for both the input conditions is kept constant. The on-off ratio is then
determined by taking the ratio of the “on” counts to the “off” counts. For any
measurement that involved source excitation (405 nm laser diode is on), an S-Only
sample was used to keep track of the beam intensity. Similarly, a G-Only sample was
used to keep track of the beam intensity of the 670 nm laser diode. The total fluorescence
counts were normalized to these values in order to account for beam intensity changes
due to intrinsic fluctuations and human error. Since polarizers were used to control the
beam intensity, the user would have to land on the same polarizing angle manually in
order to replicate a certain measurement. Small variations in angle settings can be
accounted for using the normalization technique.

For a source excitation power sweep, the laser diode current controller was set to
35 mA (threshold current) and the polarizing angle was changed in increments of 2.08°
using a high-precision rotation mount equipped with a Vernier-scale knob (Thor Labs
CRMI1P). The gate excitation power was modulated using the laser diode current
controller from 400 mA (just above the threshold current for the 670 nm diode) to 1000
mA in increments of 100 mA. The integration time ranged from 5 seconds to 30 seconds
depending on the number of counts obtained.

In order to evaluate the stability, measurements from unused samples of SMD

and C-DEV were collected over a span of 30 minutes with both the source excitation (405
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nm diode) and gate excitation (670 nm diode) on. This provides the maximum light

intensity for the samples, thus testing the devices in the most susceptible conditions.

5.4. Experimental Results

During preliminary measurements of the chromophores, we discovered that the
drain chromophore (AF594) has significant absorption cross-section in the 405 nm region
of the spectrum, as shown by the blue curve in Figure 51. This means that the drain,
which is the output chromophore, can be directly excited using source excitation. In
electronic circuit terminology, this is akin to a short circuit where the output is
connected to the main power supply. The absorption spectrum provided by the vendors
for Alexa Fluor 594 (red curve in Figure 51) did not reveal this problem, which results in

a more exclusive source chromophore excitability and thus a lower source excitability
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Figure 51. Drain (AF594) absorption spectrum as measured (blue) and found in vendor
catalog (red). Measured data showed that the chromophore absorbed some photons in
the 405 nm region.
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Upon further investigation, we found that the 405 nm range absorption was a
result of ground state to second excited state electron promotion, which has a higher
energy bandgap than that of ground state to first excited (singlet) state promotion. In an
electronic device, short circuits are categorized as defective and therefore discarded. In
RET devices, we can still evaluate the performance of the device by accounting for direct
excitation of the drain. In the drain fluorescence equations shown in Eq.11and Eq.12,
another term is subtracted from both the numerator and the denominator: fluorescence
counts from the drain due to direct excitation, obtained from measuring a D-Only

sample under the same input conditions.
On-Off Ratio Analysis

The ideal on-off ratio of a C-DEV is obtained when the gate chromophores are
completely removed from the device (total saturation), leaving just the source,
mediators, and drain in the network. Figure 52 shows the ideal on-off ratio vs source
excitation power where the “on” data was obtained using the SMD sample and the “off”
data using the C-DEV sample. For the lowest power settings, the on-off ratio could not
be computed due to lack of any fluorescence events above the noise floor in the “off”

case.
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Figure 52. On-off ratio of the fabricated C-DEV as a function of source excitation power
plotted in the log scale in the main figure and linear scale in the inset. The “on” current
was obtained from a device devoid of gate chromophores (SMD) in order to emulate
total saturation. The “off” current was obtained from a full C-DEV.

This experiment shows that the device behaves as expected — the on-off ratio
starts high and quickly decreases as the source excitation power is increased, similar to
what was seen in the SCIMM simulations (Figure 46). Furthermore, the maximum
average on-off ratio that could be measured is 83.2. Although this is an ideal on-off ratio
because it was measured from two different devices (SMD and CDEV), the value is
indicative of a C-DEV with much better performance than any other that has been
demonstrated previously — the previous best was 2.19 on a device that was designed

using an ad hoc process. The results were also repeated twice using the same set of
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samples and three more times using unused, freshly prepared samples. The error bars
show that lower excitation power leads to larger errors on the on-off ratio because small
variations in counts have a greater effect when dealing with low counts. The lowest on-
off ratio seen even at the maximum source excitation power (35 mA, aligned
polarization) is ~3.01 + 0.09, which is still better than the 2.19 value seen previously.
Next, we performed “on” and “off” measurements on the same sample in order
to get the on-off ratio of the C-DEV without artificial saturation. We did this by first
measuring the “off” condition with only the 405 nm laser diode, followed by measuring
the “on” condition with both the laser diodes on. The current controller was set to 1000
mA for the gate excitation diode for the “on” condition. In order to minimize collection
of scatter light, the 670 nm laser diode was filtered using a laser line filter at 670 nm.
Furthermore, a band pass filter centered on 620 nm was used as a detection filter to
maximize drain fluorescence detection. Figure 53 shows the on-off ratio vs. gate
excitation power for three different source excitation power levels. The current
controller for the 670 nm diode was set to 1000 mA for high gate excitation power, 700
mA for medium, and 400 mA for low. For each gate excitation power level,
measurements were taken for three source excitation power levels: maximum level from

the previous experiment and two more at lower orders of magnitude.
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Figure 53. On-off ratio as a function of gate excitation power for three different source
excitation power levels. On-off ratio decreases with decreasing gate excitation and
increasing source excitation, as expected.

As with the SMD vs. C-DEV trends, we observe exponentially decreasing on-off
ratios with increasing source excitation power; this is true for all three gate excitation
power levels. Furthermore, the gate excitation power level has an effect on the on-off
ratio; as expected, higher gate excitation power yields higher on-off ratios. This is
expected because higher gate excitation power results in higher levels of gate saturation
leading to higher “on” current.

The absolute maximum on-off ratio observed with this device is 45.55 with gate
excitation set to 1000 mA and source excitation set to 1% of the maximum power at 35
mA. When the experiment was repeated twice with the same sample and three more

times with a freshly prepared sample, the average on-off ratio for this data point was
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31.29. This value is 15x better than 2.19 which is the value obtained using a C-DEV
designed with an ad hoc process. The systematic design process, powered by user-
driven search processes and Monte Carlo and Markov chain based simulation

algorithms, enabled a better C-DEV in terms of on-off ratio.
Performance Stability Analysis

Finally, the performance stability tests were conducted on three freshly-
prepared, unused samples: one with SMD, the second with a C-DEV, and finally one
with the drain only (to account for direct excitation of the drain). The samples were
excited continuously for 30 minutes each with both source and gate excitation sources
set to their maximum settings; 405 nm diode was set to 35 mA with aligned polarization
and 670 nm diode was set to 1000 mA. Figure 54 shows the adjusted drain fluorescence

counts for SMD and C-DEV.
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Figure 54. Drain fluorescence counts, adjusted for direct excitation and noise floor, as a
function of time for an SMD device (blue) and a C-DEV (red). Both samples remain
stable over 30 mins, after an initial ramp-up.
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The initial ramp-up stage could be due to temperature stabilization; both diodes
are very sensitive to temperature and the temperature controller requires time to
stabilize. Thereafter, the signals remain stable (+ 2.7%) for the duration of the
experiment. The chromophore networks have high endurance over the course of 30
mins, which is a very long time compared to the rates of transfer (order of nanoseconds).
It should be noted that the chromophores that make up this particular design of the C-
DEV all have excellent photostability; in other words, they are less susceptible to
photobleaching. At first, we accidentally built a C-DEV with an Alexa Fluor 680
chromophore for the gate, instead of ATTO 680. While the spectral properties of the two
dyes are similar, Alexa Fluor 680 has very poor photostability. We observed ideal on-off
ratio (SMD vs. C-DEV-OFF) of more than 10 initially but as soon as we tried to collect
data with the gate excitation turned on, the device performance deteriorated rapidly.
Therefore, it is important to consider photostability as a design parameter in addition to
all the other parameters used in our design process.

Overall, we found that our systematic design process resulted in a C-DEV that
has 15x the on-off ratio of the previous best value. We also observed that the device is
stable over the span of several minutes, which is a long period relative to the
nanosecond-scale transfer events. However, there are aspects of the design that could be

improved. For example, we found a flaw in the design when we observed that the drain
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chromophore absorbed photons from the source excitation source. In Chapter 6, we
recommend several strategies to address the shortcomings and improve the design
further. We also discuss ideas for creating more complex logic devices such as AND and

OR gates as well as cascaded C-DEV devices.
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6. Future Direction for RET Devices

In Chapter 5, we described a C-DEV device that performs 15x better than any
other existing C-DEV designs. We showed that the device had an on-off ratio of ~31,
which is 15x better than the on-off ratio of a previous design (2.19). We also showed that
the device was stable during a performance test lasting 30 minutes, which is several
orders of magnitude longer than the average signal transfer time (nanoseconds). We can
draw two important conclusions from these results: 1) the systematic design process
facilitates the search for the right chromophore configuration for a given functionality,
and 2) a C-DEV functions according to expectations and can therefore be used as a
foundation for more complex logic devices.

In order to build complex logic devices, however, it is first necessary to improve
the C-DEV design in two key aspects: ensure exclusive source excitability and increase
the likelihood of saturation. For example, in our current design, the drain chromophore
absorbs photons at wavelengths directed for the source chromophore; i.e. the output of
the device is connected to the power supply. Furthermore, a high-powered laser diode
(500 mW) is used as an input signal (to saturate the gate chromophores); this can be
prohibitive in making the C-DEV a viable foundational device. Therefore, it is important
to make it easier to saturate the gate chromophores. In this chapter, we first discuss

ways in which the C-DEV design can be improved to address these two concerns.
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Additionally, we propose ideas for other types of devices based on diffusion, including a
version of C-DEV in which the drain chromophore emission is more red-shifted (longer
wavelength) than the gate chromophore. Since RET tends to occur from a blue-
wavelength-absorbing chromophore to a red-wavelength-absorbing chromophore, the
output of a red-shifted C-DEV (whose output is in the red wavelength range) can be
used as an input to a regular C-DEV (whose input — the gates — absorb in the red
wavelength range). In other words, the red-shifted C-DEV provides a way to cascade

multiple C-DEVs.

6.1. C-DEV Improvements

Improve Exclusivity of Excitation

The first issue we consider here is that of direct excitation of the drain
chromophore in the absorption wavelength range of the source. While the device
performance could still be evaluated using data analysis, the device cannot be used in a
larger RET circuit as is because the on-off ratio of this version of C-DEV would only be
~1.8 if direct excitation of the drain is not accounted for in analysis. A potential
downstream device that uses the output of this C-DEV as one of its inputs may not be
able to differentiate well between the “on” condition and the “off” condition with a low
on-off ratio. Therefore, it is important that exclusive excitability and detectability rules
are maintained. Ideally, new types of chromophores with more narrow excitation and
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emission spectra would solve any issues with exclusive excitability and detectability.
Recent reports suggest that it may be possible to custom design chromophores [65, 66].
For example, Life Technologies Inc.’s Alexa Fluor 680 has the same spectral properties as
ATTO-TEC’s ATTO 680 but almost negligible absorption in the 400-nm range. In
another example, ATTO-TEC claims that they can engineer a chromophore’s structure
such that the spectral properties remain the same but the hydrophobicity is drastically
changed [65].
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Figure 55. CTMC solution for network #574 in design #16. In the “off” condition (a), the
drain fluorescence (yellow) is negligible. In the “on” condition (b), the gate
chromophores are removed as eligible acceptors in the network, leading to an increased
drain fluorescence.

With the library of chromophores available today, however, the solution to lack
of exclusive excitability and detectability problem rests in making design trade-offs. For

example, Alexa Fluor 647 has a negligible absorption cross-section at the excitation
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wavelength of the source (405 nm) [30]. Using the same design topology (design #16, see
Figure 36) but with a larger grid spacing (3 nm as opposed 2 nm), it is possible to design
a C-DEV with AF647 as the drain. The CTMC solution for a potential candidate network
is shown in Figure 55.

However, based on CTMC solutions, the ideal on-off ratio for this design is only
~29.9, as opposed to >80 seen with the original design with 2 nm spacing. In this design,
the source and the mediator remained same as before but the gate chromophore
changed to Alexa Fluor 750. Due to changes in grid spacing, the process of mapping the
design to the DNA nanostructure would have to be repeated, which may result in a new
set of modified strands. Furthermore, the gate excitation source would have to be

changed to a laser diode that emits around 750 nm.

Improve Saturation Likelihood

Saturation of the gate chromophores is critical to the operation of the C-DEV.
There are experimental and design improvements that can be made in order to increase
the likelihood of saturation. From an experimental perspective, the likelihood of
saturation can be increased by either increasing the intensity of light sources used to
excite the saturable chromophores or by decreasing the radius of the incident beam, both
of which lead to an increase in the average number of photons — photon flux — that each

molecule can attempt to capture. However, there is a caveat to increasing the photon
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flux. As more photons become available, not only does the absorption rate increase but
also the rates of other photo physical processes that were largely ignored in analysis and
modeling tools thus far. One example of such a process is two-photon absorption where
the energy from two low-energy (red) photons can combine to excite a molecule that
typically absorbs at a higher energy level (blue). For example, if a chromophore absorbs
at 400 nm, then two 800 nm photons can be absorbed to excite the chromophore by way
of creating a short-lived virtual state. The rates for this process are orders of magnitude
lower than linear absorption at low intensities but at higher intensities, they can
dominate as long as they are spatially and temporally adjacent [36]. Issues related to
two-photon absorption and other similar photophysical processes can be avoided
during the design process by using simple design validation rules. For example, a rule
stating that the peak absorption wavelength of the gate chromophore should not be 2x
that peak absorption wavelength of any of the other chromophore types.

From a design perspective, the likelihood of saturation can be increased by using
an array of chromophores that can all donate to the gate. This concept is depicted in
Figure 56. Since there are more helper chromophores (H) in this design, the collective
absorption cross-section of all the Hs is larger than that of a single gate chromophore.
Consequently, the helper chromophores would absorb more photons from an external

light source. As long as the TE between H and G is high, the likelihood of G remaining
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in an excited state increases, thus improving the likelihood of the gates being fully

saturated.

® s M D @ c @ H
Figure 56. C-DEV topology with helper chromophores (H) used to increase likelihood

of total saturation of gates. The helper chromophores collectively have higher
absorption cross-section than a single gate chromophore.

6.2. Other DEV-based Devices

AND, OR, and NOT

In Section 2.4, we illustrate how C-DEVs can be used as a base structure for other
logic devices such as AND and OR gates. The C-DEV we demonstrated can be converted
into a 2-input AND gate by changing one of the gate chromophores to a different
chromophore type. Only when both the gate chromophore types are saturated do
excitons flow from the source to the drain, essentially functioning like an AND gate.
Similarly, an OR gate can be designed if two separate mediating paths are used to
connect the source to the drain, where each path is controlled by a unique set of gate

chromophores.
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The more challenging logic gate is the inverter. Open-diffusive exciton valve (O-
DEV) is a device that promotes flow of excitons from the source to the drain when the
gates are unoccupied. In other words, the output is “on” (drain fluorescence) when the
input is “off” (gates are unoccupied) and the output is “off” (drain doesn’t fluoresce)
when the input is “on” (gates are saturated). Research on this device is underway in our
lab. Once the design is proven, the O-DEV can potentially be combined with a C-DEV to
form more complex logic functionality, similar to how NMOS and PMOS transistors are

combined in CMOS logic.

Red-shifted C-DEV

® s M D @ G

Figure 57. C-DEV topology in which excitons sink into gate chromophores directly
from the source, as opposed to from the channel of mediators.

One of the design rules for the C-DEV we tested required that the gate to drain
transfer efficiency (TE) is less than 1%. Furthermore, the minimum distance between the
gate and the drain was ~2.3 nm. These stipulations meant that the chromophore type
selected for the gate was always red-shifted with respect to the one for the drain. This is

because RET occurs from a blue chromophore to a red chromophore due to Stokes shift
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(see Section 2.1). Other topologies were also tested during the design exploration phase,
as shown in Figure 36. The design rules for topologies #9 (128Figure 57), #10, and #13
were slightly different. In the new topology, the minimum distance between the gate
and the drain is ~7.2 nm. At this distance, any Ro less than 3.3 nm would still exhibit <
1% TE, which is the design rule for gate to drain. Consequently, the drain chromophore
can have spectral properties that are more red-shifted than those of the gate. This means
that the output of the device (drain fluorescence) would be red-shifted compared to the
input (gate excitation).

In order to test whether such a device is possible, we used the systematic process
to come up with a potential design. Figure 58 shows the CTMC solutions for both input
conditions (“on” and “off”) for a design expected to have an ideal on-off ratio of ~20.8.
The increase in drain fluorescence in the “on” condition is not as pronounced as it was
for the regular C-DEV design but the on-off ratio indicates that the total fluorescence in

“on” is more than 20x that of “off”.
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Figure 58. CTMC solution for network #338 in design #9. In the “off” condition (a), the
drain fluorescence (yellow) is negligible. In the “on” condition (b), the gate
chromophores are removed as eligible acceptors in the network, leading to an
increased drain fluorescence.

For this design, we also performed a preliminary simulation of 1000 runs using
SCIMM, the results of which are shown in Figure 59. The source chromophores were
artificially excited at the beginning of the simulation to simulate the “off” condition (a).
Then, in the “Artificial ON” simulation, the gate chromophores were removed from the
network to emulate total saturation (b). Finally, the gate chromophores were inserted
back into the system and set to an excited state at the beginning of the simulation (c).
The “Artificial ON” simulation shows that the device has the expected on-off ratio (21%
drain fluorescence vs. 1% for the “off” condition). In the “on” condition, however, only

7% of the excitons from the source made it to the drain. According to the CTMC solution
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shown in Figure 58, the drain fluorescence in the “on” condition has a long onset.
Consequently, the gates have to be kept in an excited state for a long period of time. For
the simulation shown in Figure 59 (c), however, the gates are excited only once at the
beginning of the simulation which could be the reason why the on-off ratio is only 7%.
The next step would be to map the design onto the DNA nanostructure and perform

further simulations to prove functionality.
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Figure 59. Fluorescence events, as per SCIMM simulations, by chromophore type for
various input conditions: (a) Red-shifted C-DEV with source excited, (b) SMD with
source excited to emulate “Artificial ON” input condition, and (c) Red-shifted C-DEV
with both source and gates excited.

With the help of custom engineered chromophores that promote exclusive
excitability and detectability, the red-shifted C-DEV and the regular C-DEV can be used
to create more complex logic functionality. For example, consider the cascaded structure
shown in Figure 60 (a). Here, the outputs of two red-shifted C-DEVs are used as inputs
to aregular C-DEV. In essence, the regular C-DEV is used as a 2-input AND gate, whose

inputs are controlled by the red-shifted C-DEVs. If each of the three gates in the red-
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shifted C-DEVs can be excited exclusively, the entire structure essentially becomes a 6-
input AND gate where the total fluorescence seen at the output node (yellow) is given
by the following logic function: OUT = (Ga1 & Gaz & Gas) & (Gu & Gis & Gas). The

transistor equivalent of this logic function is shown in Figure 60 (b).
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Figure 60. (a) Cascaded C-DEVs where the output of two red-shifted C-DEVs are used
as inputs to a regular C-DEV. (b) Transistor equivalent of the RET circuit shown in (a).
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If the regular C-DEV was modified to have two mediating paths, where each one
was controlled by the output of each of the red-shifted C-DEVs, the logic function would
change to a sum of products as given by the following: OUT = (Gu & Gr2 & Gus) | (Gu &
Gas & Gae). For the regular C-DEV to function properly in a configuration like this, the
drain of the red-shifted C-DEVs would have to appear saturated to the mediators in the
regular C-DEV. This may require precise timing of the circuits which can be determined
through SCIMM simulations.

Aside from timing of excitation sources, there are other challenges that need to
be addressed. From the C-DEV experiments, we have seen that the device has a key
trade-off between output current and on-off ratio. When devices are cascaded, the
output of a C-DEV needs to be maximized in order to ensure maximum saturation of the
subsequent inputs (gates). Aside from using helper chromophores, other techniques
need to be tried and tested in an effort to increase saturation likelihood. Furthermore, in
order to design a chromophore network with a large number of unique chromophore
types, it is critical to have molecules with narrow excitation and emission properties.
Otherwise, the design rules related to exclusive excitability and detectability would
result in poor candidates, if any. These challenges present opportunities for further
research which can eventually contribute to the evolution of RET devices. The silicon

transistor evolved to become as ubiquitous as it is today based on relentless research
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that led to solutions for equally difficult challenges. The journey for RET devices is just
getting started.

In the next chapter, we switch the focus back to challenges in the C-DEV
fabrication and design process. We address the following question in designing RET
devices: can we control the orientation of chromophores attached to DNA
nanostructures. If it can be controlled, chromophore orientation can be an invaluable
design parameter that can help solve some of the challenges RET devices face. For
example, without orientation control, two chromophores that should not interact
according to a design rule have to be separated either spectrally or spatially. With
orientation control, the prohibited interaction can be achieved even with chromophores
that are placed in proximity and that have spectral properties suitable for RET because

&, the orientation factor could be used to reduce RET.
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7. Controlling Dipole Orientation of Chromophores

We have seen how DNA nanostructures enable attachment of chromophores
with molecular scale resolution. However, high resolution of chromophore attachment
points does not necessarily translate to a high resolution of chromophore orientation
upon attachment. The chromophores typically have a fair degree of flexibility upon
attachment (due to the size of the chromophore molecule, the length of the attachment
linker, and the availability of free space surrounding the DNA structure) which causes
the chromophores to rotate about the attachment point. As chromophores rotate, so do
their corresponding absorption and emission dipole moments. Understanding the
distribution of dipole moments is important because they help determine the orientation
factor 12 used in transfer efficiency calculations.

In our C-DEV, we conjugated chromophores to corresponding DNA strands
using linkers that promote isotropic rotation of chromophores with respect to their
attachment points. In this chapter, we describe an experiment in which we attempted to
control the orientation of chromophores upon attachment to DNA by using an amino-
modified linker attached directly to the backbone of the DNA (as opposed to attaching
to a modified DNA base) in order to restrict chromophore motion. We hypothesized that
the reduced rotational freedom coupled with the rigid double-helical structure of DNA

would enable a more accurate determination of the relative orientation between the
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chromophores” dipole moments. The control over orientation is sought after by several
researchers because it provides an invaluable design parameter. Chromophores that
might typically undergo RET due to spatial or spectral compatibility can see reduced
transfer efficiency due to the linear relationship between transfer rate and &, the
orientation factor. In the following sections, we describe our experimental design and
procedures, followed by an introduction of the dipole distribution model we developed

in order to analyze experimental data.

7.1. Orientation Control Strategy

Several researchers have attempted to control and predict orientation of
chromophores attached to DNA. For example, in [67], Kato et al. found that they could
control both the distance and orientation by using chromophores that are incorporated
into a DNA strand as base surrogates using a D-Threoninol scaffold. However, that
technique involves intricate chemical synthesis that limits the variety of chromophores
that could be incorporated, thus limiting the scope of applications that could take
advantage of the exhibited distance and orientation control. In [26], Cunningham et al.
attempted to restrict rotational freedom of chromophores by using phosphoramidites to
attach molecules at two anchor points on the underlying DNA duplex. Their

experiments, however, revealed that the rotational freedom was large enough that the
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transfer efficiency measurements were equivalent to those obtained under isotropic

conditions.
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Figure 61. (a) The chemical structure of a standard amino-group modification to a DNA
base; the inset cartoon shows that the chromophore remains outside of the helical
domain. (b) The chemical structure of Uni-link — the linker is attached directly to the
phosphate backbone in lieu of a base; the insert cartoon illustrates our hypothesis that
the chromophore intercalates with the DNA helix.

In an effort to be able to attach any type of chromophore and still maintain
control over orientation, we used a short linker, amino Uni-link [68], for attaching
chromophores to DNA. Figure 61 shows the difference between a typical amino linker
(a) used in most amino-reaction conjugation protocols (see Section 3.3) and the amino
Uni-link (b). When a standard C6 linker is used, the chromophore reacts with the amino
group on a 6-carbon chain, which is attached to a modified nucleoside. With this

strategy, the chromophores cannot intercalate within the DNA strand due to lack of
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accessible space in the strand, as shown in the inset of Figure 61 (a). With the Uni-link,
the chromophore is attached to the amino group on a shorter linker attached directly to
the backbone of the DNA (phosphate group) in lieu of a nucleoside. This strategy may
help the chromophore intercalate within the DNA duplex by stacking with the other

base-pairs in the strand, as shown in the inset of Figure 61 (b).

7.2. 17-Site Experiment Design

We tested our hypothesis by systematically investigating two donor-acceptor
pairs of chromophores: AT520-AT665 across 17 different acceptor sites (with a fixed
donor site) that are adjacent to each other, and AT465-AT665 across 14 different acceptor
sites. The attachment sites were in the region between tiles 5 and 6 in the hierarchical
self-assembly process described in Chapter 3 [62]. Figure 62 shows a schematic of the

DNA tiles and the region of interest.
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Figure 62. Schematic of the DNA nanostructure (left) with a focus (right) on the
intersection between the two tiles to show the attachment sites for chromophores used
in this experiment. The donor site (circle shaded in blue) is fixed while the acceptor site
is changed from 1 site away to 17 sites away in each sample. The sequences for the
strands were obtained from [62].
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We measured the absolute transfer efficiency using time-resolved fluorescence
lifetime analysis as well as relative transfer efficiency based on total fluorescence
intensity measurements. We further determined the chromophores’ rotational freedom
using time-resolved fluorescence anisotropy. We discovered that there were
discrepancies between the time-resolved and the total fluorescence intensity TE
measurements. Subsequently, we developed a theoretical model which helps explain the
discrepancies and determine the underlying distribution of donor and acceptor pose
vectors (vectors that describe the chromophores’ orientation with respect to a reference

coordinate system) in an ensemble of donor-acceptor pairs.

7.3. Experimental Methodology

Sample Preparation

We obtained DNA strands with the required site modifications from Integrated
DNA Technologies (IDT). The modified strands are listed in Appendix B2. The strands
arrive in lyophilized form initially so they were re-suspended in a compatible buffer.
Any DNA strand without any amino modifications were buffered in 1x TAE (diluted
from 50x TAE from ThermoFisher Scientific, Catalog #24710030). DNA strands with
amino modified linkers were suspended in 100 mM NaTB prepared from the recipe
described in Appendix Al.2. The buffered strands were aliquoted into smaller volumes

and stored in a -80°C freezer in order to elongate their lifetime. The strands were
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suspended at concentrations of 30 mM for shell strands and 15 mM for arm and core
strands, as per the instructions found in [62]. NHS-ester moiety of the chromophores
were obtained from various vendors (Life Technologies, Sigma-Aldirch) and suspended
in DMSO buffer at millimolar concentrations. The conjugation protocol described in
Appendix A2 was used to attach chromophores to the corresponding DNA strands. The
samples were then filtered using organic phase separation with 1-butanol, as described
in [69]. Subsequently, the samples were filtered using centrifugal filters (Nanosep®
Omega 3K membrane) five times in an effort to remove the unattached chromophores.
These procedures can be found in Appendix A3.1. Once the required strands were
conjugated with the corresponding chromophores, they were used in the hierarchical

self-assembly process as described in [62].
Methods for Data Collection

The optical setup used in this study is shown in Figure 63. A super continuum
white light, pulsed laser (NKT SuperK EXTREME EXW-6) was used as the primary light
source. The output of this source was sent through an acousto-optical tunable filter
(AOTF) to select the right excitation wavelength. A series of optics, including a half
wave plate to adjust the input polarization, were used to focus the beam onto the
sample, which was held in a cuvette. The fluorescence events were collected from a

perpendicular angle to the incident beam using a detection polarizer to detect both
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horizontal and vertical polarizations. The photons that pass through the polarizer were
filtered using a monochromator and finally detected by a single-photon avalanche diode

(SPAD) detector.
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Figure 63. Optical setup used to collect TCSPC and time-resolved anisotropy data. An
AOTF is used to filter to the right input wavelength from a supercontinuum laser. A
half-wave plate is used to modulate the incident polarization to either vertical or
horizontal. The sample is placed in a cuvette holder. The detection optics are
perpendicular to the input beam of light and consist of a detection polarizer to detect
vertical and horizontal polarized light as well as lenses to optimize collection
efficiency. The collected light is sent through a monochromator and subsequently to
the SPAD, which is connected to a TCSPC card for time-correlated data collection.

Each detection event in the SPAD triggers the time-correlated single photon
counting (TCSPC) card to record the time at which the photon is detected with respect to
the previous sync signal from the laser source. This process was repeated numerous
times resulting in a histogram of fluorescence events with respect to the sync signal.

Figure 64 (a) shows an example of a histogram obtained using this setup.
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Figure 64. (a) TCSPC data for a chromophore sample obtained using the optical setup
described above. (b) Time-resolved fluorescence anisotropy data determined using the
four polarization combinations: VV, VH, HV, and HH. Here the first letter corresponds
to excitation polarization (Vertical or Horizontal) and the second letter corresponds to
detection polarization (Vertical or Horizontal).

A set of four measurements were taken for each sample:'O 0 h'O 6 h'O o h
‘O 0.Ineach of these measurements, the first letter in the subscript corresponds to the
input polarization (Vertical or Horizontal) and the second letter corresponds to the
detection polarization (Vertical or Horizontal). Since the TCSPC output is time-
dependent, the four time-dependent measurements could be used to determine time-
resolved anisotropy as per EQ.13.

10 ———whereO — Eq.13

In this equation, G is the instrument correction factor obtained from0 ¢ andO 0.
Figure 64 (b) shows an example of time-resolved anisotropy data. The denominator of

the anisotropy expression represents the time-resolved total fluorescence intensity.
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When vertically polarized light is incident upon a sample containing free dye
(unattached chromophores) with uniformly distributed dipole moments, only a subset
of the population of chromophores gets excited. This process is known as photoselection
and it gives rise to a biased distribution of dipoles in the excited molecules. Upon
excitation, if the molecules remain motionless, the fluorescence of the molecules also has
the same biased distribution (as long as the absorption dipole moment and the emission
dipole moment of the molecule are aligned). In this case, the vertical polarization
detection signal would have higher intensity than the horizontal polarization detection
signal due to the fact that the incident light that is used to excite the molecules is
vertically polarized. On the other hand, if the molecules rotate about freely and in
random directions, the distribution of polarization of fluorescence approaches a more
uniform distribution. In this case, the horizontal detection signal intensity would
increase. If the fluorescence is fully depolarized, the horizontal and vertical signal
intensities would be the same. The numerator of the anisotropy equation is the
difference between the vertical and horizontal components; thus, the anisotropy
equation becomes a good measure for the level of bias in the polarization vectors of
fluorescence from the sample. Insights about chromophore motion can be drawn by
analyzing the bias in fluorescence polarization over the excited state lifetime of the

chromophores. Examples of these insights are described in the next section.
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Methods for Data Analysis

In addition to the time-resolved transfer efficiency measurements described in
Section 2.3, we calculated relative transfer efficiency from total fluorescence intensity of
acceptors to compare different acceptor sites. However, different sites may have
different donor and acceptor conjugation yields (% of donors and acceptors that are part
of the two-chromophore system). In order to account for these differences, it is
important to normalize the total fluorescence intensity of acceptors when donors are
excited with that of the acceptors when acceptors are directly excited. This allows us to
compare the transfer efficiencies from site to site, thereby resulting in a relative transfer
efficiency measurement. Relative transfer efficiency measurements are useful in
determining trends in TE across a certain parameter.

While the process of photon absorption happens on the atto-second scale, the
process of fluorescence occurs anywhere from a few hundred picoseconds to a few
nanoseconds after absorption, depending on the dye. During fluorescence, the
chromophore could rotate due to rotational diffusion enabled by energy provided by kT.
Time-resolved fluorescence anisotropy measurements provide a mechanism to measure
the chromophore motion with respect to its fluorescence [36]. Figure 65 shows different
conclusions that can be drawn based on time-resolved fluorescence anisotropy. If the

rotational diffusion happens at a timescale much smaller than that of fluorescence —
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which is mostly true in the case of free chromophores — then the fluorescence is
depolarized during the ensemble fluorescence lifetime of the molecule; therefore, the

anisotropy of fluorescence approaches 0, as shown in Figure 65 (a).
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Figure 65. Examples of time-resolved anisotropy data exhibiting different
characteristics. In (a), the anisotropy value decays to zero over the excited state lifetime
of the chromophore, indicating isotropic rotation. In (b), the anisotropy value is
constant, indicating that the molecules have very limited movement during
fluorescence. In (c), the fundamental anisotropy value is the same as that for (a) but the
value decays to a non-zero value, indicating that the dye’s motion is restricted.

However, if the rotational diffusion timescale is much larger than that of
fluorescence — which is true when chromophores are attached to larger structures such
as DNA nanogrids, or if the chromophores are in highly viscous solutions, or
immobilized in other ways — then the fluorescence of the molecule stays polarized as
dictated by photoselection; therefore, the anisotropy of fluorescence remains unchanged
over time, as shown in Figure 65 (b). In another scenario, if the chromophore is attached
to a larger nanostructure but has restricted movement, then the anisotropy would start
to decay towards 0 but would be limited to a certain non-zero value, called the limiting

anisotropy, as depicted in Figure 65 (c). As shown in Eq. 14, the ratio of the limiting
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anisotropy (i ) and fundamental anisotropy (i , anisotropy at time t=0) can be used to
determine the wobble angle in the case where the motion of the chromophore is

modeled as a wobble-in-a-cone with a cone angle of —[36].

T gAl—ep AT-© Eq.14

7.4. Dipole Distribution Model

The dipole distribution model we developed is mainly used for two purposes.
The first goal is to determine the likelihood of a given donor and acceptor pose vector, or
the vectors which describe the chromophores’ orientation with respect to a reference
coordinate system. Then, the normalized likelihood of a given pose combination
determines the proportion of donor-acceptor constructs with that pose combination.
This determines the effect of a particular linker on chromophore attachment to the larger
DNA nanostructure. The second goal of the dipole distribution model is to determine a
weighted average of the transfer efficiency for each pair, normalized across all the sites.
The TE values derived from the model can then be compared to the relative transfer
efficiencies determined from total fluorescence intensity measurements.

The model has the following inputs: donor and acceptor attachment site
coordinates, dye-DNA linker length, intrinsic lifetimes of the donor and acceptor,
Forster radius for the donor-acceptor pair, and TCSPC data for the acceptor upon donor

excitation (‘O 0). I(t) represents the time-resolved fluorescence intensity determined
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from TCSPC experiments; the subscript represents the sample constituents (D for donor,
A for acceptor, and DA for donor and acceptor) and the superscripts represent the
excitation and detection channels in that order. The attachment site coordinates are
extracted from the DNA model described in Section 5.2. The dye-DNA linker lengths
were determined from the chemical structures of the linkers and the dyes. In this case, it
was calculated to be approximately 5 nm. The donor’s intrinsic lifetime is determined by
estimating the decay constant of donor fluorescence in a donor-only sample: O 0.
Similarly, O 0 is used to determine the acceptor’s intrinsic lifetime. Forster radius is
calculated as per Eq. 3 using the known properties of the donor and acceptor.

In addition to these inputs, the model also requires information about the
chromophores’” degree of rotational freedom, which can be determined from time-
resolved fluorescence anisotropy as described in the previous section. We account for
this rotational freedom in determination of a pose combination likelihood by averaging
the likelihood of all dipole combinations whose vectors are within the cone angle from a
selected pose combination.

Figure 66 shows a flow chart of the dipole distribution model. The first step is to
generate a uniform distribution of pose vectors (fp) around a given attachment site for
both the donor and the acceptor. For each combination of the donor and acceptor pose, a

set of valid dipoles (® are generated based on the cone angles. For each combination of
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valid donor and acceptor dipole, the average log-likelihood (I fl ) is determined
using photon arrival times (extracted from O 0 ) and the hypoexponential probability
density function (PDF). The hypoexponential PDF is used because fluorescence of the

acceptor when excited by a donor follows this distribution (see Section 2.3).
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Figure 66. Flowchart of the dipole distribution model. The inputs to the model come
from known chromophore properties and experimentally measured fluorescence data.
The steps shaded in light orange are repeated for each acceptor site for a given donor-
acceptor chromophore combination. The steps shaded in dark orange are repeated for
each valid pose combination of a donor-acceptor pair. The final outputs of the model
include the relative transfer efficiencies across all the sites and the probability (or log-
likelihood) for each donor pose and each acceptor pose.

The log-likelihood values are normalized and used in a weighted average of the
corresponding transfer efficiency values to determine the average transfer efficiency for

each pose combination for a given donor-acceptor pair ("YO ). This process is repeated
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for each acceptor site, after which all the likelihood values are normalized to the
maximum value to determine the relative transfer efficiencies ("YO ) for all the sites for
a given donor-acceptor combination. Furthermore, the likelihood of each donor pose by
site (I fl ) is determined by averaging across all the acceptor pose likelihoods.
Similarly, the likelihood of each acceptor pose by site (I I ) is determined by

averaging across all the donor pose likelihoods.

7.5. Results

The measured time-resolved transfer efficiencies by attachment site for both RET
pairs are shown in Figure 67. The parameters of the hypoexponential distribution were
determined using maximum likelihood estimation techniques. The black dots on each
graph represent the transfer efficiency that can be observed if the chromophores were
truly isotropic; i.e. k2 = 2/3. First, it can be observed that the site-to-site TE trends are
similar for both chromophore pairs, i.e. the trends do not seem to be dependent on the
donor chromophore. More importantly, the results show that the measured transfer
efficiencies deviate from isotropic values, especially for acceptor sites farther away from
the donor site. This would indicate that using the shorter linker enabled high transfer
efficiencies (greater than 50%) for sites which correspond to inter-chromophore
distances greater than Ro, which may be possible only when the dipoles are aligned.

However, during data collection, we observed that the raw fluorescence counts were
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lower for sites that were farther away from the donor, indicating that the average

transfer efficiency for these sites is not as high as the time-resolved data shows.
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Figure 67. Transfer efficiencies of donor-acceptor pairs for varying acceptor attachment
sites calculated using TCSPC data and MLE methods. In (a), the chromophore pair is
AT520 and AT665 plotted across 17 sites. In (b) the pair is AT465-AT665, plotted across
14 sites. The black dots overlaid on each plot correspond to the transfer efficiency
values under an isotropic assumption (k2 = 2/3).

Furthermore, when evaluating site-wise relative transfer efficiencies using total
fluorescence counts (Figure 68), the results were contradictory to the time-resolved TE
measurements. In fact, the trends seen here tend to follow isotropic transfer efficiency
curves, albeit with noticeable deviation for certain sites. As with the time-resolved

measurements, the trends here are similar for both the donor chromophores.
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Figure 68. Relative transfer efficiencies by site for (a) AT520-AT665 and (b) AT465-
AT665 determined by normalizing the total fluorescence counts obtained from each
site to the maximum counts observed.

While the time-resolved measurements indicated that the shorter linker was
useful in achieving orientation control (and thereby control over transfer efficiency), the
total fluorescence intensity data indicates otherwise. We hypothesize that this
discrepancy is due to the existence of a distribution of chromophore pairs in each
sample where only a subset of the constructs have favorable orientation factors,
resulting in high TE. The experiments were conducted with a sample concentration of
250 nM. Given that a volume of approximately 0.3 mm x 0.3 mm x 10 mm was
illuminated with the light source, the total number of constructs that were in the
observation volume was greater than 1el1 (250 nM * 0.9 uL * 6.02e23 molecules per
mole). It is possible that a fraction of the total number of constructs have orientation-

distance combinations that could yield very high transfer efficiency (even for sites that
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are farther away) but the relative fraction is small enough that the total fluorescence
intensity still adheres to isotropic trends. Even if we assume that the ratio of constructs
with favorable orientation was the same across all the sites, the sites in which the donor-
acceptor distances are shorter would contribute more to the overall transfer events due
to the shorter distance, while the sites in which the distances are longer would
contribute less. This explains why the total fluorescence intensity trends follow isotropic
(or purely distance-dependent) TE trends. The dipole distribution model described in
the previous section was developed in order to test this hypothesis. The model is
predicated on two assumptions: 1) that a certain subset of the population of donor-
acceptor sites have ideal pose combinations resulting in high TE values which manifest
in time-resolved TCSPC data, and 2) that the subset of ideal pose combinations has a
diminishing effect on the overall transfer efficiency as the inter-chromophore distance is
increased.

One of the parameters required for the dipole distribution analysis is the wobble
angle for the chromophores’ rotational freedom when attached to the DNA scaffold. As
described in the methodology section, the wobble angles for both the donors and the
acceptors were obtained from time-resolved fluorescence anisotropy data (Figure 69).

We are uncertain about the source of the quasi-periodic pattern in cone angles as a
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function of attachment site; it could be a function of the helical shape of the DNA

duplex. However, the data can be used directly in the dipole distribution model.
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Figure 69. Wobble angles for the acceptor (AT665) in each of the 17 sites as well as for
the two donors (AT520 and AT465) at the donor site. The wobble angles were obtained
from time-resolved fluorescence anisotropy measurements.

The two sets of measurements that were found to be contradictory are time-
resolved TE measurements and total fluorescence counts-based relative TE
measurements. The former is used as an input to the dipole distribution model,
specifically to determine the log likelihood of pose combinations. The latter can be
compared directly with one of the outputs of the dipole distribution model: relative TE
based on weighted averaging of TEs of different pose combinations. Figure 70 shows the
relative TEs obtained from the model as well as those from experiment for both the

donors.
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Figure 70. Relative transfer efficiency values computed using the dipole distribution
model (light orange for AT520 (a) as the donor and light blue for AT465 as the donor

(b) for each of the acceptor sites. The experimental data (darker shades) are shown here
again for comparison purposes.

It can be clearly seen that the model is able to accurately predict the relative
transfer efficiencies obtained from experimental data, which proves that the model is an
accurate representation of the physical system. The model and experiment match within
+9% for AT520-AT665 and +5.5% for AT465-AT665. To reiterate, the model is predicated
on two assumptions: 1) that a certain subset of the population of donor-acceptor sites
have ideal pose combinations resulting in high TE values which manifest in time-
resolved TCSPC data, and 2) that the subset of ideal pose combinations has a
diminishing effect on the overall transfer efficiency as the inter-chromophore distance is
increased. Using this model, we were able to successfully regenerate the total
fluorescence intensity trends, thereby providing strong evidence for our hypothesis.

Furthermore, the dipole distribution model can be used to obtain a distribution

of chromophore poses in a population of a given sample of donor-acceptor pair. Figure
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71 shows the dipole distribution data for each of the 17 sites for the ATTO520-ATTO665
pair. There are two views shown for each site — front view and the helical cross section
view. The blue lines correspond to the donor pose vectors while the red/yellow lines
correspond to acceptor pose vectors. The shade of blue or yellow/red of each line
corresponds to the probability (indicated by the color bars) of finding a construct in the
observation window with the corresponding chromophore poses. The vectors
corresponding to the most likely poses are artificially elongated in these plots to help
visualize them.
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Figure 71. Distribution of donor and acceptor poses visualized on a DNA duplex for
the donor-acceptor pair of AT520-AT665 across 17 different acceptor sites. Each site is
visualized in two views of the 3D DNA duplex, front view and helical view. The
colored vectors represent the different poses for the donor (blue) and acceptor
(yellow/red). The shades of the color indicate the probability of finding that pose in a
population of donor-acceptor constructs, as indicated by the color bars shown. The
most likely pose vectors (blue for donor, red for acceptor) are elongated intentionally
for visualization purposes.
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Several key observations can be made from these images. Most importantly, it is
evident that the distribution of poses for both the donor and the acceptor are wide, as
can be seen from large areas of bright blue and bright yellow in most of the sites. This
supports our hypothesis that a subpopulation of the constructs in the observation
window can undergo high transfer efficiency due to favorable orientations but due to
the large spread in the distribution, total fluorescence intensity could still remain low.
The distribution of poses for the donor is similar for all the sites, which is a good
indicator that the experimental setup remained consistent for different samples. The
distribution of acceptor poses does not seem to exhibit any DNA-specific patterns. While
the mostly likely pose for each acceptor site is similar, the distribution of poses (as can
be seen from varying patterns in the yellow and black vectors) vary quite a bit.

An interesting observation is that the most likely poses for the donor and the
acceptor seem to be aligned especially for sites 8 and above. This is consistent with the
TCSPC data which show that high TE can be achieved even for larger distances due to
favorable orientation factors. The poses for sites 4-6 are less aligned but they still exhibit
high TE in TCSPC data because even with unfavorable orientations, the distance
between the donor and the acceptor is very short, resulting in high TE. Sites 4-6

correspond to an average distance ranging from 1.3 nm to 1.7 nm. Given that the Forster

156



radius for AT520-AT665 is ~5.1 nm, transfer efficiency even at low k2 values would be

high.

=—Short Distance (3 nm)
—Long Distance (5 nm)

Transfer Efficiency
o
[&)]

Figure 72. Theoretical analysis of the effect of orientation factor on transfer efficiency
for two values of inter-chromophore distances (3nm in red and 5nm in blue) in which
the Forster radius is 5 nm. This analysis shows that the orientation factor has more of
an effect on larger distances than on shorter ones.

When the distances are short, the orientation factor tends to have less of an
influence on TE as can be seen in Figure 72. For a chromophore pair whose Ro is 5 nm, as
the orientation factor is varied from 0 to 4 (the range of valid k?), the effect on transfer
efficiency is shown for a short distance of 3 nm (red) and for a long distance of 5 nm
(blue). Similarly, even if the distribution of poses is similar for all the acceptor sites (as is
evident), the sites that are farther away will exhibit high TE in only the constructs with
ideal orientation factors whereas the sites that are closer will exhibit high TE even for
small orientation factors. In time-resolved data, however, the constructs that exhibit high
TE will contribute more to the signal due to the fact that high TE results in shorter times
between donor excitation and acceptor fluorescence. This is why we observe high TEs in

time-resolved data even for the sites that are farther away from the donor.
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Figure 73. Distribution of donor and acceptor poses visualized on a DNA duplex for
the donor-acceptor pair of AT465-AT665, across 14 different acceptor sites. Each site is
visualized in two views of the 3D DNA duplex, front view and a helical view. The
colored vectors represent the different poses for the donor (blue) and acceptor
(yellow/red). The shades of the color indicate the probability of finding that pose in a
population of donor-acceptor constructs, as indicated by the color bars shown. The
most likely pose vectors (blue for donor, red for acceptor) are elongated intentionally
for visualization purposes.
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Figure 73 shows the pose probabilities for AT465-AT665. Here, we observe
similar results for sites 1-10, where the most likely donor and acceptor poses are almost
perfectly aligned but with a wide distribution of poses for both chromophores.
However, sites 11 through 14 show that the most likely donor poses are pointing in the
opposite direction. If observed closely, there still exists a patch of dark blue vectors in
the same area as that of the most likely pose vector for the first 10 sites. There is
negligible probability difference between the dark blue vectors in this region and the
most likely vector whose length is artificially exaggerated for visualization. The more

important observation is that the distribution of blue vectors (as opposed to black/gray)
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is quite wide for any of these sites, which leads to the same conclusion as before — that
while the short linker is able to achieve some degree of bias or control over the
chromophore poses, there still exists a wide distribution leading to an overall reduction
of the average transfer efficiency in accordance with isotropic measurements.

Another important observation is that the acceptor (AT665) pose distributions for
this pair are noticeably different than the acceptor pose distributions when paired with
AT520, even though it is the same acceptor molecule. This indicates that the
microenvironment, which includes the donor molecule, plays a vital role in the
chromophore pose distributions. Here, we are only able to compare two donors and
their potential impact on the acceptor distributions. However, our model and analysis
techniques can be used in future experiments, with varying microenvironment
parameters, to draw new insights on its effect on a chromophore’s orientation

distribution.

7.6. Conclusion

In an effort to control transfer efficiency between a donor-acceptor pair, we
investigated using a short attachment linker to conjugate chromophores to a larger DNA
nanostructure. First, we discovered that it is indeed feasible to achieve transfer
efficiencies higher than those demonstrated using isotropic linkers, especially when

analyzing TE from a time-resolved perspective. We further discovered that we could
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only achieve high TE for a subset of the population of constructs for any given donor-
acceptor pair and that the chromophores take on a wide distribution of poses. This
resulted in average transfer efficiencies similar to those achieved from isotropic linkers.
In order to prove our hypothesis, we developed a chromophore dipole distribution
model whose inputs include fluorescence anisotropy and time-resolved fluorescence
data and whose outputs are dipole distributions of the chromophores and relative
transfer efficiencies. We showed that the relative TEs with the experimental data
matched the TEs determined from the model within +9% for AT520-AT665 and +6% for
AT465-AT665.

Two key conclusions can be drawn from this study. The first is that the path to
achieving orientation control lies with attachment chemistry as well as in controlling the
microenvironment. Using the attachment linker we examined, it is possible to achieve
some degree of control but further work needs to be done achieve a more narrow
distribution of poses. Furthermore, being able to control and characterize the
microenvironment can help facilitate better orientation control. The second conclusion is
that we used the dipole distribution model to describe the experimental results
accurately. This means that using the model, any experiment involving time-resolved
measurements of chromophore networks can be analyzed in more detail which could

lead to new insights in controlling orientation factors and transfer efficiencies.
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8. Dissertation Summary

In this dissertation, we made three contributions to the field of nanoscience: 1)
we developed a systematic design process to determine the best configuration of a
resonance energy transfer (RET) network for any user-specified application, 2) we
experimentally demonstrated a RET device called the C-DEV which can become a
foundational building block for molecular computing elements, and 3) we developed a
dipole distribution model that can be used to evaluate the feasibility of any
chromophore orientation control technique. Here, we briefly summarize each
contribution.

Designing a RET network for a given application involves precisely configuring
the chromophore type and inter-molecular distances in the chromophore network.
While chromophore networks can be built on any underlying nanostructures, we used
self-assembled DNA nanostructures as a substrate. Given the vast number of attachment
points on a DNA nanostructure and the number of available chromophore types, the
design space for chromophore network configuration is prohibitively large. To address
this problem, we developed a systematic design process consisting of user-specified
design rules and performance metrics and simulation tools based on Markov chain and
Monte Carlo methods. Given a set of user-specified search parameters, design rules, and

performance metrics, our systematic process facilities the identification of all valid
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chromophore networks and subsequently determining the one that maximizes the
performance metrics.

We used this design process to determine a valid network configuration for a
RET device called the C-DEV which behaves similar to a MOSFET transistor. We
demonstrated that our C-DEV, designed using the systematic process, has 15x better
performance than C-DEVs that were designed using ad hoc methods based on empirical
data. We showed how the C-DEV can be used as a foundational building block for
molecular logic circuits. We also showed ways in which the C-DEV can be improved
further and how different varieties of C-DEVs can be combined to form more complex
logic circuits.

A third body of work presented in this dissertation is a feasibility study for a
technique used to control the orientation of chromophores attached to DNA. Because
RET is enabled by a dipole-dipole interaction, the orientation of the dipoles has a direct
effect on transfer efficiency. Being able to control the orientation can expand the design
space for RET networks because it provides another parameter that can be used to tune
their collective behavior. While results showed limited control over orientation, the
analysis required the development of a mathematical model that can be used to

determine the distribution of dipoles in a given sample of chromophore constructs. The
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model can be used to evaluate the feasibility of other potential orientation control
techniques.

In conclusion, we believe that these contributions help advance RET-enabled
applications by providing researchers with design and analysis tools. Applications such
as cryptographic devices, storage elements, light harvesting complexes, molecular
rulers, and biological sensors can be enhanced by RET networks designed using our
systematic process which is shown to yield better performing networks. Research
related to achieving chromophore orientation can benefit from the dipole distribution
analysis tool we developed. Our C-DEV paves the path toward achieving molecular
computing, which can be advantageous in niche applications such as biological/organic

and stochastic computing.
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Appendix A: Experimental Procedures

A.l. Buffer Preparation

A.1.1. 10x TAE Mg++

These instructions were written by Craig LaBoda, a member of the Duke Self-Assembled
Systems Group, as part of general lab procedures.

These instructions are for preparing 25ml of 10X TAE Mg?* (3.125 mM Mg Acetate 4H.O
A 3.125 mM * 214.45 g/M = 670.156 mg)

1)
2)
3)
4)
5)
6)
7)

8)
9)

Get ~25 mL ddH2O0, filter with 0.2-micron filter

Measure 670.2 mg solid Hydrous Mg Acetate using the balance

Add solid Hydrous Mg Acetate to 5 mL 50X TAE stock

Mix the solution using vortex for ~ 1 minute until Mg is dissolved

Add ddH20 until total volume reaches 25 mL

Vortex for 1 minute

Add Acetic Acid to adjust the pH to ~7.5 for DNA self-assembly purpose (Start from
adding in ~25 uL Acetic Acid)

Vortex for 1 minute

Filter the buffer with 0.2-micron filter

10) Store the buffer at 4°C in the fridge for up to two weeks

If the buffer has been stored for a long time, check if the pH is within 5% of 7.5 before
using the buffer.
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A.1.2. 100 mM NaTB

These instructions were written by Craig LaBoda, a member of the Duke Self-Assembled

Systems Group, as part of general lab procedures.

1. Calculate how much sodium tetraborate decahydrate you need (mw = 381.37
g/mol). This will depend on how much buffer you're making. For example, for
40 mL, you will need:
oyppx Commpm i 11
[T ,

TTpPT, PBCQ

2. Weigh out an amount of NaTB as close to the calculated amount as possible.
Record the exact amount you weighed. The amount that you weigh will always
be slightly off from your target value. To account for this discrepancy, use the
recorded mass to recalculate the volume of buffer you should make. For
instance, if you end up weighing out 1.355 g rather than 1.525 g, you should
instead make:

&L L1 : ]
: p ? oupxXC pnmpm | 11 o® o,

3. Calculate how much sodium hydroxide (NaOH) you need to make a1 M
solution (mw =39.997 g/mol). The NaOH will be used to pH balance the NaTB
buffer. For 40-50 mL of NaTB, you will need ~10 mL of 1 M NaOH. Repeat step
2 for the NaOH.

4. Add the volume of water calculated in step 3 to the NaOH pellets. Vortex until
fully dissolved.

5. Add ~15 mL of water less than the final buffer volume to the NaTB. Vortex until
it’s mostly dissolved. Without pH balancing, it will be difficult to fully dissolve
at the moment. (Note that the “15 mL less rule” is subject to change if you make
a much smaller or larger amount of NaTB buffer.)

6. Add 1mL of 1 M NaOH to the NaTB solution. Vortex for 5-10 seconds. Pipette
20-30 uL of buffer onto a pH strip that covers the 7-9 range. The target pH is 8.3.
Your first measurement should indicate a pH <7.

7. Repeat step 6 until the pH hits 8.3. Be sure to reduce the amount of NaOH

added as you see the pH start to change. In general, these pH changes are non-

165



linear and tough to predict so it’s always better to add smaller amounts of
acids/bases to avoid overshooting your target.

8. Once your buffer has been pH balanced, add enough water to raise the total
volume to the final volume calculated in step 2. This will put your final buffer
concentration at ~100 mM. Note that it will be slightly lower due to the NaTB
removed during your pH balancing.

9. Filter your finished buffer it into a new container using 0.2 um membrane filters
and syringes. This removes any NaTB or NaOH aggregates that never fully
dissolved.

10. Label your buffer with the buffer’s name, your name, the date, pH, and
compound used to pH balance.

11. Store at 4 °C for up to two months.
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A.2. Conjugation Protocol for Amino-NHS Reaction

These instructions were written by Craig LaBoda, a member of the Duke Self-Assembled

Systems Group, as part of general lab procedures.

1. Measure the concentration of your dye and DNA sample. Your DNA sample must
be in an amine free buffer, such as NaTB. Otherwise, the high concentration of
amine groups from the buffer will outcompete your DNA strands in the desired
reaction.

2. Calculate the volume of dye to add to your DNA sample. To increase the yield of
your reaction, it is generally recommended to add excess dye rather than a simple
1:1 ratio. The optimal amount of excess dye may vary depending on the molecule.
Start with 5x-10x additional dye and modify your procedure from there based on
your yield and difficulty filtering unreacted dye. For example, if your dye
concentration is 3 mM and you have 50 uL of 25 uM DNA, a 5 fold excess would

mean adding:

v o, ¢ WO-
ol -

Pt

3. Add this dye volume to your DNA aliquot.
Shake overnight. For consistency in the future, record the time you shook the
sample and the shaking rpm.

5. After thorough shaking, filter the remaining free dye using one of the filtration
procedures.
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A.3.

Purification Procedures

A.3.1. Centrifugal Filtration

These instructions were written by Craig LaBoda, a member of the Duke Self-Assembled
Systems Group, as part of general lab procedures.

1.

0 0NN

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

22.
23.

Label one Nanosep filter with corresponding filtrate tube for each sample you
are going to filter.

Add 500 pL of DI water to each filter membrane.

Load your samples into the centrifuge such that the weight is evenly distributed.
Centrifuge for 20 minutes at 7000 rpm.

Open the sample and remove the filter to expose the filtrate.

Discard the ~450 L of DI filtrate. Place the filter back into the filtrate tube.
Repeat steps 24 using 450 uL of DI.

Add the sample you'd like to filter to the filter membrane.

Add the corresponding filtration buffer (usually 12.5 mM NaTB) to bring the
total volume up to 450 pL.

Load your samples into the centrifuge such that the weight is evenly distributed.
Centrifuge for 20 minutes at 7000 rpm.

Open the sample and remove the filter to expose the filtrate.

Remove the ~450 pL of filtrate and store in a new epi for future analysis.

Place the filter back into the filtrate tube.

Add 450 pL of filtration buffer to the membrane.

Repeat step 7 and 8.

Repeat step 9 as many times as necessary (usually 2-3 more times).

Add ~10 pL of buffer less than your desired final volume to membrane

Pipette mix this with the retentate. For example, if your final target volume is 100
uL, add 75 pL of NaTB.

Remove retentate from the membrane by pipetting. Place the retentate in a new
eppe.

Measure the volume of the retentate by trial and error using a pipette.
Determine the remaining volume to add in order hit your final target volume.
Add this volume.

Note: Centrifugation reaction coordinates (time, rpm, volume, etc.) may need to change
depending on your experiment.
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A.3.2. Size-Exclusion Filtration using Desalting Columns

1.

2.

Use instructions found in [70] to perform buffer exchange of the desalting
columns (Micro Bio-Spin P-6 Gel, Tris from Bio-Rad, Inc.) to the desired buffer
Add the appropriate of the desired final buffer (IxXTAE is typical for tile
synthesis) to conjugation sample such that the final volume is ~75 uL

. Run the DNA sample (from step 2) through the buffer-exchanged column as per

instructions found in [70] to produce a DNA sample that is rid of most of the
free, unattached dye molecules. Use this sample in HPLC protocols to remove
unlabeled DNA as well.
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A.3.3. High Performance Liquid Chromatography

These instructions were prepared by members of the Duke Self-Assembled Systems
Group as part of general lab procedures.

Buffer solutions required for HPLC:

T

T
T
T

Stationary Phase: Silica Membrane in Column

Mobile Phase A: 0.1 M TEAA

Mobile Phase B: 0.1 M TEAA in 50% Acetonitrile 50% Water

Mobile Phase C: 7:1 ACN:Water

Notes: Increasing Acetonitrile gradient (Mobile Phase B) will affect the polarity.

TEAA is to prevent interactions between the sample and the column.

Separating Labeled and Unlabeled DNA:

1.
2.

Turn on the software (called Instrument 1 (online)).

Once on, all the instruments will appear offline. Turn on the Sampler,
Quaternary Pump, Column Comp., Diode Array Detector (DAD) and the
Fraction Collector (by pressing buttons at the bottom of each instrument). Once
on, the buttons should glow green. Do not worry about the status buttons on the
instrument sides once they are on, for now. Slowly the instruments will turn
online.

Double click the method called DNA_PURIFICATION_LONG., if it's not
already open by default.

The fraction will appear offline. To turn it online, wait until the robot arm
initialization inside the fraction collector stops; once it does, close its flap. In a
few moments, it will turn online.

Next step is to set up your methods for a sample run. Right-Click each
instrument panel one by one to set them up. Hit okay for each method every
time you make some changes to them.

a. Sampler - Set up an injection with needle wash, with injection volume
dictated by your sample volume. By default, the needle wash location is
set to Vial 1, where a vial of 500ul 0.1 M TEAA should be placed.

b. Quaternary Pump - Flow rate is to be set to 0.200 mL/min. Max. Pressure
should be set to a 100 bar. The system should be set to 100% C initially
and at the end of each run to flush the column. By default, it is set to
100% A. On the right, there's a column where you can set up the timetable
for your run, along with gradient for A and B. This gradient is based on
labelled-unlabeled peak separation.
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c. Column Comp. - Temp of the left of the column should be set to 60 C.

d. DAD - Wavelengths for DNA (260 and 280nm) should be set, along with
absorption and emission wavelengths of the dye in the sample. In all,
there should be 4 wavelengths. Reference should be some value that does
not fall into the absorption or emission bands for the dye, and should the
same value for all wavelengths. Typically, it is set to 360, but can be
changed to 600 based on the type of dye in the sample.

e. Fraction Collector: Set up the values for threshold and the type of
fraction collection. By default, they're set to 100 and peak-based,
respectively.

6. At this point, all the instruments should say online, but not ready (signified by a
yellow bar on the instrument panel). Turn them on by clicking the grey power
button for each instrument panel (this button should be right next to where it
says "EMF"). The Column Comp. will turn on and say "Idle" only after the
required temp is reached. All the other instruments should turn on and say
"Idle".

7. Let100% C flush the column for 15 mins, or as soon as the signal outputs
stabilize. Once this is achieved, the method for quaternary pump should be
opened and the column environment changed to reflect the beginning of the
timetable. For DNA_PURIFICATION_LONG.M, it is set at 90% A and 10% B. So,
the column environment should be changed to allow 90% A and 10% B to flow
through the column, for another 15 mins.

8. Go to the sample info menu by right clicking the single sample menu at the
bottom of the software. Give a directory and a filename for your single sample
run. The location should say Vial 2 for the sample withdrawal and Vial 1 as a
default location where the fraction collector will store the peak collections.

9. Once everything is set, a single sample run can be started by clicking the blue
single sample button at the top. Make sure you have enough vials in the fraction
collector, otherwise, a single sample run will throw an error and no report will be
generated.

10. Once a run completes, a report is generated and should be saved by clicking
print on the report and saving the file as a.xps.

11. If turning off machine for the evening, let 100% C flush the column for 15
minutes. Then turn off all components.

Desalting HPLC Fractions:
4. Vacufuge the fraction collections at the highest temperature setting (60° C). For
every 100 uL of volume, vacufuge for 30 mins
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5.

6.

Add ~65 uL* of the desired final buffer (IXTAE is typical for tile synthesis) to the
pellet.

Separately, perform a buffer exchange on the desalting columns** with the same
desired final buffer as used in step 2.

. Run the DNA sample (from step 2) through the buffer-exchanged column

resulting in a final, desalted, DNA sample that can be used in subsequent
hybridization protocols

* This volume should be dictated by the desired final concentration of the
labelled DNA sample. Note that the desalting columns have a maximum
recommended volume of 75 pL. If volume from step 2 is greater than 75 pL, use
multiple desalting columns.

** The desalting column used for this step is “Micro Bio-Spin P-6 Gel, Tris” from
Bio-Rad. The protocol for normal operation and buffer exchange can be found
[70].
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Appendix B: Sequences for DNA Strands

B.1. DNA Strands for C-DEV Experiment

Text in bold are Integrated DNA Technologies, Inc. product codes for DNA

modifications

SA1-35-iC6dT
SA1-35-Uni
SA2-01-5C6dT
SA2-01-5C6
SA3-42-3C6
SA4-05-Uni
A62-08-Uni
A54-21-iC6dT
A54-24-Uni
A54-21-iC6dT-24-Uni

atgcaacctgcctggcaagactccagaggactac/iAmMC6T/catccgt
atgcaacctgcctggcaagactccagaggactac/iUniAmM/catccgt
/5SAmMC6T/ccgactgagecctgetaggatcgacttcactggaccgttctaccga
/5AmMCe6/tccgactgagecctgctaggatcgacttcactggaccgttctaccga
accggaggcttcctgtacggcagaactccgttggacgaacag/3AmMO/
atag/iUniAmM)/gcctgatcgcaacgectacgatggacacgecg
ctacaac/iUniAmM/gatgagtagtgggctcagtcggaacgta
tgtagctgttcgtggcgcta/iAmMC6T/tacgt
tgtagctgttcgtggcgctatta/iUniAmM/gt
tgtagctgttcgtggegcta/iAmMC6T/ta/iUniAmM/gt
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B.2. DNA Strands for Orientation Control Experiment

Text in bold are Integrated DNA Technologies, Inc. product codes for DNA

modifications

A6.2-1 ctacaacggatgagtagtgggctcagtcggaac/iUniAmM/ta

A6.2-2 ctacaacggatgagtagtggectcagtcggaa/iUniAmM)/gta

A6.2-3 ctacaacggatgagtagtgggctcagtcgga/iUniAmM/cgta

SA2-4 /5UniAmM/ccgactgagcectgcetaggatcgacttcactggaccgttctaccga
SA2-5 t/iUniAmM/cgactgagccctgctaggatcgacttcactggaccgttctaccga
SA2-6 tc/iUniAmM/gactgagccctgctaggatcgacttcactggaccgttctaccga
SA2-7 tcc/iUniAmM/actgagccctgctaggatcgacttcactggaccgttctaccga
SA2-8 tccg/iUniAmM/ctgagccctgctaggatcgacttcactggaccgttctaccga
SA2-9 tccga/iUniAmM/tgagcecctgctaggatcgacttcactggaccgttctaccga
SA2-10 tccgac/iUniAmM/gagccctgctaggatcgacttcactggaccgttctaccga
SA2-11 tccgact/iUniAmM/agccctgctaggategacttcactggaccgttctaccga
SA2-12 tccgactg/iUniAmM)/gccctgctaggatcgacttcactggaccgttctaccga
SA2-13 tccgactga/iUniAmM)/ccctgctaggatcgacttcactggaccgttctaccga
SA2-14 tccgactgag/iUniAmM/cctgctaggatcgacttcactggaccgttctaccga
SA2-15 tccgactgage/iUniAmM/ctgctaggatcgacttcactggaccgttctaccga
SA2-16 tccgactgagec/iUniAmMy/tgctaggatcgacttcactggaccgttctaccga
SA2-17 tccgactgagecc/iUniAmM/gctaggatcgacttcactggaccgttctaccga

A5.4-AR1 tgtagctgttcgtggcgctatt/iUniAmM/cgt
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B.3. DNA Strands for Tiles 5 and 6

Arm 5.1
Arm 5.2
Arm 5.3
Arm 54
Arm 6.1
Arm 6.2
Arm 6.3
Arm 6.4
Shell A1
Shell A2
Shell A3
Shell A4
Core A

cgaggceggcegtgtggttgcatgeacg
ttaagacggatgagtagtggectcagtcggattgta
tcatgtcggtagaacggtggaagectccggtttget
tgtagctgttcgtggcgctattacgt
tctgacggcegtgtgottgcattcaac
ctacaacggatgagtagtgggctcagtcggaacgta
gcttgtcggtagaacggtggaagectccggtgtegt
taacgctgttcgtggcgctatcattg
atgcaacctgcctggcaagactccagaggactactcateegt
tccgactgagcecctgetaggatcgacttcactggaccgttctaccga
accggaggcttcctgtacggcagaactecgttggacgaacag
atagcgcctgatcgcaacgcectacgatggacacgecg
aggcaccatcgtaggttttcgttgcgatcaccaacggagttttttctgecgta. ..

...caccagtgaagtttttcgatcctagcacctctggagtttttcttgec
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Appendix C: Software Overview

This Appendix provides a brief description of some of the key source code files
in each software tool and/or model developed as part of this dissertation. MATLAB was
used for all the source code. Aside from the toolboxes that accompany the full version of
R2015a, several custom functions were either developed or obtained from MATLAB File
Exchange. These files are packaged in a custom library called

MATLAB_CUSTOM_LIBRARY_AR, which can be found here: http://tinyurl.com/ar-

phd-matlabcustomlibrary
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C.1.

CNet Design Explorer

CNet Design Explorer files can be found here: http://tinyurl.com/ar-phd-

cnetdesignexplorer

Descriptions of Source Files:

1

cNetDesignExplorerGUI: Top-level script that opens a MATLAB GUI used to
enter a chromophore network topology and design space search settings. The
script also processes the design rules to determine valid candidate networks
(using helper scripts like analyzeRules, verifiyAllNetworks, and
calculateRealCombs). The script calls DesignExplorerSingle() or
DesignExplorerParallel() functions upon a mouse button click on the “Run” or
“Run Parallel” buttons, respectively

DesignExplorerSingle() (or parallel): Top-level function that determines if the
user wanted one single network to be run (based on past exploration results) or if
all the networks with the given search settings to be run. This function calls
processCurrentNetwork() for each network that needs to be processed.
processCurrentNetwork(): parses all the design space search settings and user-
defined topology to setup CTMC simulations for the given network. It also
creates a data structure to save all the simulation results.

evaluateDyes(): Evaluates the excitability and detectability indices for all the
dyes in a given chromophore network and determines the best excitation and
detection wavelength for each dye

evaluateCTMC(): Runs a CTMC simulation for a given network
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C.2.

SCIMM

SCIMM files can be found here: http://tinyurl.com/ar-phd-scimm. SCIMM uses a

database of dye files that can be found here: http://tinyurl.com/ar-phd-dyesdatabase

Descriptions of Source Files:

1

SCIMM_RUN_FILE: Top-level script in which the user specifies file paths and
simulation execution settings and calls the top level SCIMM function
EXAMPLE_EDF: Experiment description file that specifies settings for individual
experiments. The user can specify simulation, chromophore network, sample,
and light source settings in this file

scimmMain(): The top-level SCIMM function from which every simulation
begins. Aside from parsing experiment files, its main role is to call scimmTop()
runSystemSettings(): Uses the light source settings to determine intensity for
each wavelength across the entire simulation time span

scimmTop(): Serves as the main Monte Carlo loop which iterates through the
simulation time span by simulation time step

processLightAbsorptionEvent(): Processes any absorption events due to
artificial/manual excitation or photon absorption.
processExcitedChromophore(): Serves as the main Markov chain loop. It is
executed for every excited chromophore at each time step

light<model>() where <model> can be Gaussian, Continuous, Delta, or
Exponential: Temporally and spectral models light sources

scimmVisualizer: MATLAB script that parses the data structure with SCIMM

simulation results

The rest of the files are helper functions that are called by each of the main functions

listed above. Each function is well commented for ease of use.
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C.3. DNA Mapping

DNA Mapping files can be found here: http://tinyurl.com/ar-phd-dnamapping

Descriptions of Source Files:

1 dnaCoordinates(): Function that produces 3D coordinates (at a 0.01 nm
resolution) for both the strands in a B-form double-helix DNA. The three input
paramaters include x and y offsets to determine the starting point and max X
coordinate to determine the length of the strand

1 plot_T5T6dnaStrand: Script that calls dnaCoordinates() to determine the
coordinates for all the bases in the two parallel double-helices in the region
between Tiles 5 and 6 on the hierarchically assembled DNA nanostructure
described in Section Hierarchical Self-Assembly

I getlsotropicInfo(): Produces the average distance, %, and isotropic transfer
efficiency for a donor-acceptor pair of chromophores based on their attachment

points, linker length, donor intrinsic lifetime, and Forster radius
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C.4. Dipole Distribution Model

Dipole Distribution Model files can be found here: http://tinyurl.com/ar-phd-

dipoledistributionmodel

Descriptions of Source Files:

1 dipoleDistributionAnalysis: Top-level script that is used to analyze the dipole
distributions for a given donor-acceptor chromophore pair based on user-
defined parameters such as attachment points, molecule length, chromophore
properties. The model also uses wobble angles and fluorescence lifetime values
determined from TCSPC data. It first produces a uniform distribution of dipoles
for both the donor and acceptor. For each combination of donor-acceptor dipole,
it calls evaluatePoseCombination()

1 evaluatePoseCombination(): Function that evaluates the likelihood of each pose
combination by determining the likelihood of the corresponding excited state
lifetime from a likelihood table

1 createLikelihoodTable(): Function that creates the likelihood values for a range of
lifetimes as parameters for the excited state lifetime of the donor in the
hypoexponential distribution of acceptor fluorescence upon donor excitation

1 createDipoleCombinations(): Function that creates all valid dipole combinations

based on random unit sphere of vectors and chromophore properties
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C.5.

Fluorescence Anisotropy Analysis

Fluorescence Anisotropy Analysis files can be found here: http://tinyurl.com/ar-phd-

ﬂuorescenceanisotropv

Descriptions of Source Files:

1

analyzeAnisotropyData: Top-level script that takes in file names for the four
TCSPC data files (VV, VH, HV, HH), parses them, and uses Eq. 13 to determine
time-resolved fluorescence anisotropy. The anisotropy and total fluorescence
intensity signal are plotted as well

wobble_and_dipole_angles: MATLAB script that plots two angles as a function
of values determined from anisotropy. The first is the angle between the
absorption dipole moment and the emission dipole moment for a single
chromophore; this is plotted as a function of the fundamental anisotropy. The
second is the wobble angle for a wobble-in-a-cone model and this is plotted as a
function of the ratio of limiting anisotropy to fundamental anisotropy
parseTCSPCa(): Function used to parse TCSPS files obtained from SPC-730
(Becker & Hickl GmbH)

getAniData(): Function that produces anisotropy and total fluorescence intensity
signal for a given set of anisotropy data and an instrument correction factor

calculation mode
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