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ABSTRACT

Nucleic acid nanotechnologies have provided a platform where biologically relevant
molecules can be engineered to perform programmable functions. Relative to pro-
teins, complex nucleic acid-based systems can be designed more readily due to the
countable nature of base-pairing interactions and readily available physical mod-
els. These features of nucleic acids enable us to design novel interaction pathways
and functions by providing well-behaved molecular mechanisms. Two examples of
these mechanisms are the conditional guide RNA (cgRNA) and the hybridization
chain reaction (HCR). A cgRNA is a conditional programmable regulator where an
expressed RNA trigger can conditionally turn on or off transcriptional regulation.
HCR is a molecular mechanism for in vitro and in situ amplification of signals to spa-
tially identify proteins, RNA, or DNA in a sample. This thesis will first demonstrate
the use of these nucleic acid molecular mechanisms in closed-loop genetic circuits
and infectious disease testing using cgRNAs and HCR, respectively, then provide
updated tools for the nucleic acid design community to exploit the programmable
nature of nucleic acids.

We begin by demonstrating the use of conditional programmable cgRNAs in closed-
loop genetic circuits. Synthetic genetic circuits allow scientists to engineer arbitrary
molecular interactions in living organisms. Feedback circuits in particular are
recurrently found in nature and enable useful functionalities. However, protein
components of genetic circuits cannot be designed scalably, are often mined from
preexisting genomes, and present difficulties in being biologically orthogonal to
themselves or the host organism. We are motivated to address these limitations by
using orthogonal nucleic acid circuits created de novo. One potential component
of these circuits are conditional guide RNAs (cgRNAs). cgRNAs are switchable
transcriptional regulators, and this allows gene expression to be modulated through
the expression of a small RNA trigger. Here we assess cgRNAs as a component for
feedback genetic circuits. As an initial demonstration of cgRNA synthetic circuits,
we built and validated a simple threshold circuit and demonstrated its orthogonality
and scalability by showing independent circuit functions of two switches in a single
cell. We also created a larger toggle switch that is made from the same components
as the previous switches. These experiments show the orthogonality and feedback
capabilities of cgRNAs will position them as a composable component for scalable
synthetic biology.
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We then used the hybridization chain reaction mechanism to develop an adaptable
and sensitive test for the detection of SARS-CoV-2. The lateral flow assay format
enables rapid, instrument-free, at-home testing for SARS-CoV-2. Due to the ab-
sence of signal amplification, this simplicity comes at a cost in sensitivity. Here, we
enhance sensitivity by developing an amplified lateral flow assay that incorporates
isothermal, enzyme-free signal amplification based on the mechanism of hybridiza-
tion chain reaction (HCR). The simplicity of the user experience after the test begins
is maintained by using a disposable 3-channel lateral flow device to automatically
deliver reagents to the test region in three successive stages without user interaction.
Prior to starting the test, a 15-minute heat step is required. Detecting gamma-
irradiated SARS-CoV-2 virions in an extraction buffer, the current amplified HCR
lateral flow assay achieves a limit of detection of 200 copies/𝜇L using nucleic acid
probes to target the SARS-CoV-2 RNA genome. By comparison, five commercial
unamplified lateral flow assays that use proprietary antibodies to target the viral
nucleocapsid protein exhibit limits of detection of 500 copies/𝜇L, 1000 copies/𝜇L,
2000 copies/𝜇L, 2000 copies/𝜇L, and 20,000 copies/𝜇L. By swapping out nucleic
acid probes to target different pathogens, amplified HCR lateral flow assays offer a
platform for adaptable and sensitive at-home testing for emergent diseases.

Components for the previous two projects are designed and analyzed with NUPACK.
NUPACK is a growing software suite for the analysis and design of nucleic acid
structures, devices, and systems serving the needs of researchers in the fields of nu-
cleic acid nanotechnology, molecular programming, synthetic biology, and across
the life sciences. NUPACK algorithms are unique in treating complex and test tube
ensembles containing arbitrary numbers of interacting strand species, providing cru-
cial tools for capturing concentration effects essential to analyzing and designing the
intermolecular interactions that are a hallmark of these fields. The all-new NUPACK
web app (nupack.org) has been re-architected for the cloud, leveraging a cluster that
scales dynamically in response to user demand to enable rapid job submission and
result inspection even at times of peak user demand. The web app exploits the
all-new NUPACK 4 scientific code base as its backend, offering enhanced physical
models (coaxial and dangle stacking sub-ensembles), dramatic speedups (20–120×
for test tube analysis), and increased scalability for large complexes.

nupack.org
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C h a p t e r 1

INTRODUCTION

DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) are nature’s medium
of information storage and transfer. DNA is often thought of as a double helix
structure and stores genetic information. RNA is often thought of as messengers
that are transcribed from DNA and facilitate translation of proteins. While these are
the most common occurrences of nucleic acids in nature, nucleic acids, especially
RNA, often form mechanistic components necessary for cellular function. RNA,
in the form of tRNAs and rRNAs, is as much the machinery of translation as it is
information to be stored and disseminated. RNAs can also form structures, such as
hairpins, that can promote binding of the machinery of translation. The function
of these functional nucleic acids are determined by their secondary and tertiary
structure, which is in turn, determined by their sequence. The secondary structure
of a complex of nucleic acids is defined by a list of base pairing interactions, and the
tertiary structure is the three-dimensional arrangement of the nucleic acid molecule
as determined by those base pairing interactions.

The parameters for nucleic acid hybridization for RNA [2] and DNA [3] have
been established since the 1990s. A coarse grained physical model for nucleic
acid hybridization exists due to the exclusionary nature of base pairing. This
model allowed researchers to create algorithms to predict structural and base pairing
behavior given the sequence of a nucleic acid strand [4]. This work was further
expanded upon by predicting the concentration of secondary structures given a tube
of interacting strands [5]. Nucleic acid secondary structures in a complex of multiple
strands could be designed by exploiting the thermodynamic properties of sequences
of nucleic acids calculated in silico [6]. Design for specific test tube concentrations
of secondary structures [7] and entire pathways of orthogonal interaction networks
[8] were later developed.

The rational design of nucleic acid systems enables researchers to create structures
based on sequence-guided self-assembly, such as DNA tiles and origamis [9, 10].
Dynamic interactions between nucleic acid strands are also exploited to form reaction
pathways and networks [11, 12] in vitro. In the cellular setting, rational design of
nucleic acids have enabled transcriptional [1, 13] and translational [14] regulation
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based on the conditional presence of nucleic-acid triggers. In imaging, nucleic acids
have been used to amplify multiplexed signals in situ to observe mRNA, DNA, and
proteins spatially in various organisms [15–21].

This thesis describe two projects that stem from the fruits of nucleic acid rational
design and another to further progress the tools of nucleic acid rational design.
In the first project, we created orthogonal and versatile synthetic feedback circuits
using small conditional nucleic-acid based transcriptional regulators. In the second
project, we created a cheap, robust, and scalable molecular diagnostic to detect
SARS-CoV-2 RNA using a nucleic acid polymerization reaction. The last project
describes new developments in NUPACK, a tool used by researchers world wide to
design and analyze nucleic acid systems.

1.1 Nucleic acids in synthetic genetic circuits
Genetic circuits exist in nature to serve a variety of functions. A classic example
is the regulation of lactose metabolism [22], where a repressor is deactivated in
the presence of lactose, allowing transcription of metabolic enzymes for lactose.
Additional genetic regulation circuits in bacteria include metabolism of arabinose
[23], resistance to tetracycline [24], biofilm formation through quorum sensing
[25], and chemotaxis [26]. These initial circuits spurred researchers to seek motifs
in natural networks [27], and many more natural regulatory networks have been
elucidated in both eukaryotic and bacterial cells. These include the metabolism of
galactose in yeast [28], homeostasis of calcium in cows [29], and defense against
foreign invaders for various species [30–32]. The regulation of development and
growth also utilize genetic circuits. Examples include differentiation of wings [33]
and embryos [34] in D. melanogaster, and regulation of plant growth [35].

Taking inspiration from nature, researchers have created novel synthetic genetic
circuits by commandeering existing protein components. Various biomolecular de-
vices were created in E. coli, beginning with the repressilator [36] and toggle switch
[37], which took advantage of orthogonal systems of repressor proteins. Further
functionality such as logic gates [38, 39], event counters [40], pulse generators
[41], and comparators [42] were created once researchers gathered more activating
protein components. Devices with permanent digital memory [43] and temporally
controlled logic gates [44] were created once circuit engineers added integrases and
excisionases to their repertoire of tools. The identification of multi-cell communi-
cations systems such as quorum sensing enabled researchers to build multi-cellular
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circuits such as cells that pattern themselves spatially [45]. Further studies into the
kinetics and dynamics of interaction between components has led to better behaving
repressilators [46]. Recent advances in post-transcriptional components enabled
researchers to connect proteases in various ways to create more composable circuits
[47].

A particularly interesting class of circuits are closed-loop circuits and feedback cir-
cuits due to their many functional features [48]. The simplest closed-loop feedback
circuit is transcriptional autoregulation. This motif has been demonstrated in bacte-
ria [49], and it enables faster expression rise time than the open-loop alternative. The
repressilator and toggle switch are both closed loop circuits, establishing capabilities
for oscillations and bistability. The incoherent feedforward loop is a closed loop
circuit, although it does not contain feedback. This circuit acts as a band-pass filter
[47], and it has been theorized to act as a fold change detector [50]. Feedback has
also been used as a motif to control cell behavior. For example, feedback was used
to regulate total population of bacteria [51] and track intracellular concentrations of
particular input molecules [52].

While synthetic biology has accomplished a great deal in the past two decades, there
still are challenges in scaling synthetic circuits. Demonstrations to date have shown
circuits with around five components or less. Researchers are typically satisfied
with a single functional circuit created and validated in a single, often specialized,
cell strain. Multiples of the same type of circuit often cannot operate in the same
cell due to shared protein components leading to deleterious crosstalk [53]. To
further the field, there need to exist more, better characterized, and well-behaved
orthogonal components [53–58] to allow researchers to use arbitrary numbers of
identical circuit motifs in the same cell. For example, a feedback control circuit
requires a fast controller [59]. A sequestration motif is a natural fit for this role,
and while there are various implementations of protein sequestration [42, 52, 60],
it would be difficult to utilize all these systems in the same cell and impossible to
utilize multiples of the same system in the same cell. This issue of scale is not
lost on researchers. There are attempts to use orthogonal protein proteases from
mammalian genomes [47] and to use directed evolution to create larger libraries of
orthogonal regulators [61].

With nucleic acid design motifs, such as toehold mediated strand displacement, the
advancements in rational design has enabled researchers to create large interacting
networks of DNAs in vitro. The computing power of interacting DNA strands is
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demonstrated by evaluating the square root of an input [62]. Attempts were recently
made to integrate nucleic acid circuitry into living cells to perform therapeutic
and probing roles [11]. Current developments in the field of nucleic acid regula-
tion include orthogonal sets of riboswitches [14], which controls translation, and
conditional termination [13], which controls transcription. The reaction motif and
secondary structure design for these regulators can be the same; however, the unique
sequences for each orthogonal system are designed to explicitly prohibit crosstalk.
There are various hybrid feedback circuits [51, 63, 64] which take advantage of
these components along with protein components. However, these mechanisms
have been limited to bacterial cells and there is little work done to bring fully
nucleic acid circuits in bacteria.

Recently, a programmable gene regulation mechanism was engineered from a bacte-
rial immune system known as CRISPR (clustered regularly interspaced short palin-
dromic repeats). CRISPR uses a 20-nucleotide spacer gathered from virus samples
to direct a Cas9 (CRISPR associated protein 9) protein to cut any double stranded
sequence bearing the reverse complement [32]. Researchers commandeered this
system for gene editing [65, 66] and gene regulation. dCas9 (dead Cas9), with a de-
funct catalytic center and various attached effectors, can activate [67–69] or silence
[67, 70] expression in bacterial [67, 69, 70] and mammalian [68, 70] cells directed by
gRNAs (guide RNAs). Investigation into bacterial [71], yeast [72], and mammalian
[73, 74] CRISPR circuits yielded multiplexed gene expression [73], CRISPR logic
gates [71], and gRNA expression cascades of up to 7 regulators [72, 74]. A CRISPR
feedback circuit was recently created by expressing a miRNA-mKate-gRNA fusion.
The miRNA was used to degrade the entire transcript, and the loop was broken by
using Csy4 to cleave the RNA between the gRNA and miRNA binding site [73].
Another group created a metabolic feedback circuit utilizing a promoter sensitive to
metabolic burden to induce gRNA silencing an artificial metabolic load [75].

Although gRNAs are programmable, they are not conditional. While Cas9 [76] or
gRNA [77] can be induced by small molecules, they are not dynamic as is required
in gene circuits. cgRNAs (conditional guide RNAs) are gRNAs which can be
turned on or off by a small trigger RNA. Researchers can design arbitrary sets of
orthogonal cgRNAs which interact in predictable ways due to the programmable
nature of nucleic acid interactions. In addition to orthogonality and scalability,
the conditionality of cgRNAs introduce an RNA-based sequestration motif which
circuit designers can take advantage of [1, 78–80].
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The capabilities of cgRNAs can be summarized as follows: 1) programmable tran-
scriptional effector, which can silence or activate expression based on the sequence
identity of a 20 nucleotide spacer, 2) conditional activation/deactivation by short
trigger strands providing a sequestration motif with RNA hybridization time scales
of interaction as opposed to transcriptional time scales, 3) large sequence space is
available for design of orthogonal cgRNAs and orthogonal effector sites, 4) inser-
tions of sequence, such as DNA binding sites, into the 5’ end of cgRNAs and triggers
can be tolerated to enable dCas9 transcriptional control, and 5) cgRNA interactions
with its triggers are orthogonal. The latter combined with the 3rd and 4th points
allows researchers to design scalable and orthogonal systems of interacting cgRNAs
and triggers and wire these interacting systems together in arbitrary ways. Chapter
2 of this thesis explores the novel features cgRNAs can bring to closed-loop genetic
circuits.

1.2 Nucleic acids in molecular diagnostics
In March of 2020, the SARS-CoV-2 virus and its corresponding disease COVID-
19 spread to the United States. Uncertainty loomed as lock downs were rampant
and available testing for the novel pathogen was scarce. The genetic sequence
of the novel coronavirus, Wuhan-Hu-1, was shared through an online database
on January 5th, 2020, and the first laboratory-confirmed case outside China was
announced on January 13th, 2020 [81]. It only took, at most, a little more than
a week to create a laboratory test for the novel virus after the initial publication
of the genomic RNA sequence. These initial laboratory tests are what’s known as
RT-qPCR (reverse transcription quantitive polymerase chain reaction, sometimes
just PCR) tests. Briefly, a reverse-transcriptase creates the cDNA (complementary
DNA) from the RNA genome of the virus, then qPCR is performed to quantify the
abundance of cDNA present in the reaction. These tests take relatively little time to
adapt for emergent diseases, as the only changed component for a new RNA genome
is the DNA probes. DNA probes can be synthesized chemically, and have fast
manufacturing turnaround. However, as the pandemic progressed, the demand for
testing also grew. As the pandemic was spreading to the United States, there were
shortages of PCR supplies. Exacerbating the issue, RT-qPCR requires specialized
equipment, and there was also an equipment shortage. These shortages led to efforts
to conserve equipment and reagents [82].

Eventually, a new form of testing, complementary to RT-qPCR, would come to the
market: the rapid antigen test. This new test uses the same technology as a pregnancy
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test. Briefly, on a lateral flow strip, an antibody to the SARS-CoV-2 N (nucleocapsid)
protein is immobilized at the test line, and on a conjugate pad, another antibody to
the SARS-CoV-2 N protein is conjugated to a visible chromophore. The sample
solution travels from the sample pad, to the conjugate pad, where the antibody with
chromophore binds to the N protein, and finally up to the test region, where the
immobilized antibody binds to the N protein-antibody-chromophore complex and
concentrates the chromophore on the test region. This concentration of chromophore
creates a visible signal for the human eye if the virus is sufficiently abundant in the
provided sample.

This new testing paradigm provides a rapid, inexpensive, robust and simple test. A
usual antigen test only takes 10 to 15 minutes, can be stored at room temperature
for an extended period of time, and can be performed by the consumer at home.
However, the first variant of this new testing form was seen on the market in May
[83], 4 months after the publication of the genome, and the initial implementation
of the test required specialized fluorescence equipment. The first widespread rapid
antigen test, that is suitable for home use, with no equipment requirements, was
released on August 26 [84], a full 7 months after the initial sequencing of the virus.
Another issue with the rapid antigen tests is their lack of sensitivity, leading to these
tests having a high false-negative rate (e.g., 25–50% in two hospital studies)[85, 86].

Recently, newer technologies are being evaluated in academic and startup circles
for use in pathogen testing in general and SARS-CoV-2 in particular. One of
these approaches is using RT-LAMP (reverse transcription loop-mediated isothermal
amplification) [87, 88]. RT-LAMP follows the same basic steps as RT-qPCR with
several key differences. In the DNA amplification phase, special primers are used
such that polymerized DNA form a hairpin loop on either end, such that additional
self-primings can occur in the loop [89]. This change allows RT-LAMP to be
performed isothermally. A pH indicator is added that changes the color of the entire
reaction solution if DNA is synthesized. This method is simple, sensitive, and
requires less sophisticated equipment, however it has some of the same drawbacks
as RT-qPCR. RT-LAMP uses enzymes, which require cold storage, and often needs
a heat source, which requires laboratory equipment.

Another approach is using CRISPR as a readout [90, 91]. Briefly, the viral genomic
RNA is amplified, the amplified DNA is transcribed by IVT (in vitro transcription).
The RNA transcribed is introduced to a Cas protein (Cas12a or Cas13a) with a
specific target gRNA, once the Cas recognizes the binding site on the transcribed
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RNA, it indiscriminately cleaves single stranded nucleic acid with two haptens on
either side of the cleavage site. The cleavage or non-cleavage of the single stranded
nucleic acid can be read in several ways including lateral flow. This method is
not as sensitive as RT-qPCR, but it does require less sophisticated equipment.
While its steps are not fully isothermal, it does not require constant thermocycling.
However, the inclusion of a heating steps will require some form of laboratory
equipment. Enzymes, with their cold storage requirements, are also required for
the amplification, IVT, and CRISPR detection steps, leading to more cold storage
requirements. As both RT-LAMP and the CRISPR-based tests are nucleic acid tests,
they could in theory be adopted quickly to novel emergent pathogens.

We set out with the goal of creating an amplified instrument-free rapid test that can
be deployed quickly in the event of an emergent disease, have better sensitivity than
commercial rapid antigen tests, is robust to supply chain demands, is inexpensive,
and is simple to use. To quickly deploy these tests in emergent diseases, we chose to
detect viral RNA with DNA probes. DNA probes can be synthesized cheaply and
quickly once the genomic sequence of the novel pathogen is available. However, due
to the low abundance of available RNA genomes in the initial stages of infection,
amplification is required. To maintain our goal of creating a robust test, we decided
to avoid enzymes for amplification, as they are difficult to manufacture and require
specific storage and operational conditions. We proposed using nucleic acid HCR
(hybridization chain reaction) for our amplification.

HCR is used to spatially image RNA, DNA, or proteins in various organisms in
situ [15–17, 20, 21]. HCR imaging works in two stages. First, a probe is bound to
the target of interest, then amplification takes place from the probe. HCR is ideal
for detection platform, as it provides signal amplification but does not require any
enzymes. The entirety of the HCR amplification system only comprises DNA, a
molecule that is quick to synthesize, will not deteriorate under ambient conditions,
and does not require cold storage. Here, we use the HCR amplification motif to
amplify signal at the test region of a lateral flow device. HCR has not been previously
used on paper or thin-films. Furthermore, HCR requires multiple reagent addition,
removal, and wash steps that will need to be automated to be simplistic enough to
use in a point-of-care or home setting. Chapter 3 will describe the prototype of an
automated device to detect SARS-CoV-2 virus using HCR amplification.
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1.3 NUPACK: design and analysis of nucleic acid interactions
NUPACK is a tool to analyze and design nucleic acid structures, interactions, and
pathways. The core nucleic acid components of both projects introduced in the
previous sections, cgRNAs and the HCR amplification system, were designed with
NUPACK. NUPACK has two main capabilities: analysis and design of nucleic
acid systems. NUPACK can be provided with a set of strands in a tube and the
concentration of each strand, and it will compute equilibrium physical quantities of
the tube, such as concentrations of all possible nucleic acid complexes and their base
pairing probabilities. NUPACK can design sequences from a tube specification of
desired nucleic acid complex structures and concentrations.

Over the years, NUPACK has received several new updates to its recursions, param-
eters [92], and design features [7, 8], such as weights and constraints [8]. Concur-
rently, the NUPACK user base has grown continually. In the past year there are more
than 3.5 million page views from 180,000 unique visits by researchers, spending
a cumulative 2.7 million minutes on the web application. However, the current
NUPACK web application still uses a code base written in 2007, and the advanced
age of the hardware and software is responsible for consistently full queues and slow
downs.

To address these usability issues and implement the latest features in the scientific
code base, NUPACK needed to be rearchitected and rebuilt from the ground up.
The new NUPACK web app will incorporate both the latest developments in the
scientific backend as well as a scalable cloud-based compute infrastructure to enable
the larger demand of the nucleic acid design community. Chapter 5 of this thesis will
describe the new NUPACK web application, the inputs, computations, and results
for both the analysis and design features of NUPACK. It will also describe and
characterize the performance of the new infrastructure and computational backend
written from the ground up.

1.4 Thesis overview
In this thesis I will describe each of the projects introduced above in detail. Chapter 2
will cover applications of small conditional nucleic-acid based cgRNAs in creating
scalable, orthogonal, and versatile closed-loop genetic circuits. Chapter 3 will
cover applications of HCR nucleic-acid signal amplification on a strip-based lateral
flow platform to detect SARS-CoV-2 virus. Chapter 4 will cover NUPACK cloud,
rearchitected from the ground up using the latest technologies to incorporate a new
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burstable cluster, user interface, and feature updates to enable the next generation of
nucleic-acid design community to create large and complex nucleic-acid systems.
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C h a p t e r 2

USING CGRNAS FOR SCALABLE SYNTHETIC FEEDBACK
CIRCUITS

Natural gene regulatory networks utilize feedback and large numbers of nodes
to perform functions, such as development [93–96]. The misregulation of these
feedback networks can lead to disease [97]. Synthetic biology takes inspiration
from nature and commandeers its components to create functions de novo. Synthetic
biologists are often motivated to create synthetic genetic circuits with a wide variety
of capabilities utilizing the feedback motif, such as oscillators [36, 46], toggle
switches [37], and molecular trackers [52]. These genetic circuits typically use
two modes of feedback, 1) transcriptional feedback using expressed transcription
factors to regulate other transcription factors, or 2) sequestration feedback using two
separately expressed components that bind to activate or deactivate function. While
there is a large breadth of functional modules in synthetic biology, there still needs
to be a focus towards the scaling of these modules [53–58] to approach mimicking
the large network of genetic circuits in nature.

While nature can use the evolutionary process to create various orthogonal pathways
of interaction using mostly protein-based mechanisms, we cannot yet do so synthet-
ically. The protein parts that most of synthetic biology is built on were mined from
existing genomes in nature. Multiples of the same type of circuits cannot operate in
the same cell, as the same proteins will cause deleterious crosstalk between the two
circuits. Nucleic acid-based circuits, on the other hand, can be designed de novo,
enabling them to be orthogonal to themselves and other molecules in the pathway
of interaction.

Concurrent to the development of synthetic biology, the field of nucleic acid design
has also greatly advanced. A physical model exists for base pairing interactions [4]
from the countable nature of nucleic acid base pairing combined with experimentally
determined energy parameters [2, 3]. Using this physical model, advanced nucleic
acid interactions pathway designers can design nucleic acid sequences from specified
nucleic acid interactions [8]. The advent of nucleic acid design led to many instances
of useful nucleic acid circuits in vitro [11, 12, 62, 98, 99], and fewer instances of
nucleic acid regulatory components in bacteria [1, 13, 14].
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Programmable regulators for use in synthetic biology have been created with both
with proteins [47, 61] and, with the advent of CRISPR, nucleic acids [71–74, 100]
in living cells. On the protein front, orthogonal regulators can be mined from
nature, and a variety of efforts have borne fruit to create larger orthogonal networks
of protein circuitry by exploiting integrases [101, 102], proteases [47], and other
protein components [103], but due to the difficulty of rational protein design, an
arbitrary number of them cannot be created de novo. On the nucleic acid front,
orthogonality can be achieved using a well established design process, but the
libraries of functional modules currently lack behind protein circuits. A large
number of gRNAs [72] and gRNA feedback [73, 100] were demonstrated in E. coli,
but not together.
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Figure 2.1: cgRNA schematic [1]: the constitutively active cgRNA is inactivated
by hybridization of RNA trigger X.

Constitutively
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cgRNAX Y
silencing dCas9

Figure 2.2: cgRNA ON→OFF logic using silencing dCas9 [1]. Conditional logic:
if not X then not Y.

Towards the goal of achieving scalable synthetic circuits, the Pierce lab created
allosteric cgRNAs (conditional guide RNAs) [1, 104]. cgRNAs are conditional
programmable regulators, built on top of programmable guide RNAs. A cgRNA
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can be activated or deactivated in the presence of a small expressed RNA trigger
via structural transduction (Figure 2.1). The guide RNA controls the genomic target
of regulation, while the conditional trigger controls the scope of the regulation,
and the variant of Cas9 protein used controls the mode of regulation (Figure 2.2).
cgRNA activity can be dynamically and allosterically regulated by a small expressed
trigger. This is a substitute for the sequestration of ligand and receptor in proteins.
These properties allow cgRNAs to satisfy both transcriptional and sequestration
modes of feedback circuits. Circuits built with cgRNAs do not need protein circuit
components (other than globally expressed Cas9) because cgRNAs are also purely
transcriptional, whereas other cellular nucleic regulatory systems rely on translation.

The purpose of this work is to demonstrate cgRNAs as a useful component for closed-
loop synthetic genetic circuits. We intend to do this with three demonstrations: First,
we built a simple feedback circuit implemented using cgRNAs taking advantage of
both the transcriptional and sequestration modes of feedback. Then we scaled up
that same circuit motif multiple times in the same cell. Finally, we prototyped
a larger implementation of a cgRNA circuits using the exact same components.
Through these experiments, we demonstrate cgRNAs can be foundational elements
for complex and interconnected circuits.

To demonstrate a simple feedback circuit, we created a thresholding switch as a
proof of concept. This switch utilizes both the transcriptional regulation from
CRISPR as well as regulation based on RNA hybridization. The performance of
the thresholding switch was observed when feedback was disrupted when either the
transcriptional or hybridization regulation was disrupted. To demonstrate scaling
of this feedback circuit, the same switch can be implemented to form two working
circuits that operate independently in the same cell. In this case, we use two different
orthogonal cgRNAs to implement two of the same circuit schematic in the same cell.
To demonstrate the possibility of larger and interconnected circuits using the same
base components, we show a toggle switch where every component of the switch
can be transcribed by the cell using the same circuit components as the thresholding
switch.

2.1 A simple thresholding circuit
We first built a simple thresholding feedback circuit using cgRNA components as a
proof of concept for incorporating cgRNAs in synthetic genetic circuits. Feedback
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circuit design and a scale-up study demonstrates the advantage of hybridization and
orthogonality, respectively.

Feedback circuits generally use a sequestering component to affect the feedback
on a faster timescale than the rest of the circuit. One of the major benefits of
cgRNAs is the dynamics of RNA hybridization [1]. We conducted a study to create
a simple feedback cgRNA circuit to probe the synthetic biology applications of
cgRNAs. The circuit incorporates closed-loop feedback and has an observable shift
in the transfer function of the circuit between open-loop circuit controls and the
closed-loop feedback circuits.

TriggercgRNA

g-FP

IPTG

silencing
dCas9





Figure 2.3: Schematic for single thresholding switch: IPTG induces cgRNA that
transcriptionally silences trigger, which in turn hybridizes to cgRNA disabling
it. Open-loop controls by disrupting transcriptional inhibition (lavender scissors),
which provides upper bound control; and inactivation by hybridization (yellow
scissors), which provides lower bound control.

In this circuit architecture (Figure 2.3), a small molecule inducer (IPTG) induces a
cgRNA and the cgRNA inhibits a short trigger via a dCas9 effector. In the closed-
loop setting, the trigger than inactivates the original cgRNA by hybridization. The
output of the circuit is the abundance of active cgRNA, this is read out by using the
cgRNA to inhibit transcription of a constitutively active fluorescent protein. The
feedback loop can be opened in 2 ways: 1) removing the hybridization between the
trigger and cgRNA, which would leave the cgRNA always maximally active and in
turn, fluorescence signal would always be low, creating the lower bound control, and
2) removing the transcriptional inhibition between the cgRNA and trigger, which
would lead to the cgRNA being maximally repressed due to high trigger production
leading to a high fluorescence signal, creating the upper bound control.
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The behavior of the circuit was validated in a modified MG1655 strain of E. coli
(Ec001, a gift from Dr. Stanley Qi) [70]. The strain contains a constitutively
expressed RFP, GFP, and Kanamycin resistance gene in the nfsA locus. The RFP
and GFP genes are used as outputs for circuits on transformed plasmids.

Trigger 1pCon Trigger 2pConcgRNApLacpLac

FP Targeting cgRNA FP Target

Figure 2.4: Plasmid layouts and labels for orthogonal thresholding circuits. Crooked
arrows indicate promoters, forward triangles indicate cgRNA targeting sites, back-
ward triangles indicate dCas9 binding sites. Black blocks indicate cgRNAs and
triggers.

Plasmid FP cgRNA Trigger 1 Trigger 2 Function

P4 GFP D D C Closed Loop
P5 GFP D C C Open by hybridization
P6 GFP D C D Open by transcription

Table 2.1: Descriptions of thresholding circuit plasmids using GFP as an output.
Circuit plasmid using layout in Figure 2.4.

The circuit is composed of cgRNAs and triggers on plasmids targeting GFP as an
output (Figure 2.4). Three transcriptional units are placed in sequential order to
avoid unexpected enhancement or inhibition of expression due to plasmid context
effects [105]. The first transcript is a cgRNA targeting GFP under a pLac promoter,
inducible by IPTG. The second transcript is a NGG–GFP cgRNA–trigger fusion,
allowing this transcript to be transcriptionally affected by the cgRNA and act as the
trigger. The third transcript is an additional orthogonal trigger sequence. Two other
plasmids were created to be the open-loop control circuits. They have different
triggers on the second and third transcript. In the open-loop circuit with a broken
hybridization arrow, the second and third transcript both have a non-cognate trigger.
In this case, there is no cognate trigger. In the open-loop circuit with a broken
transcription arrow, the second transcript has a non-cognate trigger and the third
transcript has a cognate trigger. In this case, the cgRNA would have no effect on
the production of trigger. The number of transcriptional units and dCas9 binding
sites have been kept constant to minimize the effects of varying dCas9 occupancy
and metabolic load of the circuits.
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P4, closed-loop
P5, open-loop via hybridization
P6, open-loop via transcription

Figure 2.5: Data for thresholding circuits using GFP as output. The circuit that
is open-loop by transcription sets the upper bound, the circuit that is open-loop by
hybridization sets the lower bound, the closed loop circuit is thresholding between
these bounds. Data are mean ± standard deviation of N=3 replicates. Each replicate
is normalized by the fluorescence/OD600 value of the closed-loop circuit under the
IPTG=0𝜇M condition. Refer to Section A.4 for detailed replicates.

The transfer function for the three circuits are as expected (Figure 2.5). The open-
loop control with a broken hybridization arrow by using a non-cognate trigger is the
lower bound. The fluorescence is low for any induction conditions since the cgRNA
is always maximally active due to the lack of inhibition by trigger. The open-loop
control with a broken transcriptional arrow by disassociating the dCas9 binding site
with the trigger is the upper bound. The fluorescence is high for any induction
conditions because the cognate trigger is maximally constitutively expressed with
no dCas9 transcriptional inhibition. The data shows that across the transfer function,
the open-loop circuits form the upper and lower bounds and the closed-loop circuit
behaves as a threshold switch between these bounds. This is the first demonstration
of cgRNA circuits and CRISPR feedback circuits involving cgRNAs.

2.2 Independently functioning circuits in the same cell
We next explored using orthogonal cgRNAs to bring the scalability of nucleic acid
dynamic nanotechnologies to living organisms. To demonstrate scalability, we first
need to demonstrate the orthogonal nature of multiple cgRNAs to create another set
of thresholding switches with the same circuit schematic and plasmid layout, but
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different and orthogonal sequence design targeting RFP instead of GFP. In order to
switch the second set of circuits to silence RFP, the cgRNA targeting region was
changed to a RFP mRNA sequence. The cgRNA efficacy was reduced and the
kinetics of the circuit was altered with this change.
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Figure 2.6: Data for thresholding RFP circuit optimization. As promoter strengths
decrease, the two open-loop circuits collapse the usable range of induction. As
promoter strength increases, the closed-loop thresholding circuit thresholds at above
the available range of induction. Data are mean ± standard deviation of N=3
replicates. Each replicate is normalized by the fluorescence/OD600 value of the
closed loop circuit under the IPTG=0𝜇M condition. Refer to Section A.4 for
detailed replicates.

Plasmid FP cgRNA Trigger 1 Trigger 2 Function

P1 RFP B B C Closed Loop
P2 RFP B C C Open by hybridization
P3 RFP B C B Open by transcription

Table 2.2: Descriptions of thresholding circuit plasmids using RFP as an output.
Circuit plasmid using layout in Figure 2.4.
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P1, closed-loop
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Figure 2.7: Data for thresholding circuits using RFP as output. The circuit that is
open-loop by transcription sets the upper bound, the circuit that is open-loop by
hybridization sets the lower bound, the closed loop circuit is thresholding between
these bounds. Data are mean ± standard deviation of N=3 replicates. Each replicate
is normalized by the fluorescence/OD600 value of the closed-loop circuit under the
IPTG=0𝜇M condition. Refer to Section A.4 for detailed replicates.

A series of optimizations were performed for the RFP circuit (Figure 2.6). The
promoter on the second and third transcriptional units were altered for all open-
and closed-loop circuits with various Anderson promoter [106] strengths (refer
to Section A.4 for experimental details). The Anderson promoters tested has a
quantified relative strength of 6% to 33%. Experiments show that as the promoter
strength increases, the open-loop controls exhibit a larger dynamic range and the
closed-loop circuit exhibit a distinctively different transfer function between the
open-loop controls. As promoter strength is increased too high, the closed-loop
transfer curve converges with the open-loop with broken transcriptional control as
the thresholding region falls outside of the induction range. The promoter at a
relative strength of 24% is found to have a larger than noise dynamic range between
the open-loop controls as well as a well behaved closed-loop circuit. The circuit
was built to the same plasmid specifications as the GFP circuit with a different
origin and resistance marker to allow the two circuits to co-exist in the same cell
(Figure 2.8 and Table 2.2). The RFP circuit was observed to behave similarly to the
GFP circuit (Figure 2.7). The upper-bound, lower-bound and thresholding behavior
corresponded with the open-loop by transcription, open-loop by hybridization, and
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closed-loop circuits, respectively. The orthogonality of modules shown in these
experiments is a solid foundational step towards building more complex cgRNA
circuits.

Bacterial Cell
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Figure 2.8: Schematic for two threshold switches in a single cell, both switches
are activated by IPTG, however the switches are orthogonal to one another via
orthogonal sequences.

Once a well behaving RFP circuit was observed, both orthogonal circuits were
transformed into the same cell (Figure 2.8). The circuits described previously are
transformed in a pairwise fashion, where every circuit plasmid from the RFP system
was paired with every circuit plasmid from the GFP system. There are 9 strains
total containing all possible pairwise combinations of both systems. In all strains
with plasmids P4, P5, and P6, the GFP fluorescence thresholds, is a lower-bound,
or is an upper-bound, respectively, regardless of whether plasmids P1, P2, or P3
is also in the cell. This can be observed in Figure 2.9 as all identically colored
lines are clustered together in the GFP circuits plot. Conversely, in all strains with
plasmids P1, P2, and P3, the RFP fluorescence thresholds, is a lower-bound, or is
an upper-bound, respectively, regardless of whether plasmids P4, P5, or P6 is also
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in the cell. This can be observed in Figure 2.9 as all lines with identical styles and
markers are clustered together in the RFP plot. This verifies that the GFP circuit
in a cell does not interfere with a RFP circuit and vice-versa, demonstrating two
independently operating circuits using the same motif operating in the same cell.
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Figure 2.9: Data for two independent orthogonal thresholding circuits in the same
cell using GFP and RFP as output. Only the GFP plasmid affects the GFP output, and
only the RFP plasmid affects the RFP output. Data are mean ± standard deviation
of N=3 replicates. Each replicate is normalized by the fluorescence/OD600 value
of the strain with both closed-loop circuits under the IPTG=0𝜇M condition. Refer
to Section A.4 for detailed replicates.

2.3 Versatility of cgRNAs to build larger circuits
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Figure 2.10: Toggle switch schematic. cgRNAs silences each other to create bi-
stable switch, triggers induced by small molecules disrupt cgRNA activity to actuate
switch.

In order to demonstrate the programmability of cgRNA technology, we created a
larger circuit with the same cgRNA and trigger components as our independent
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smaller circuits. We chose to build a toggle switch circuit with RNA-based inputs
and outputs, using triggers and cgRNAs in place of small molecules and protein
repressors (Figure 2.10).

This circuit was built in a modified Marionette-WT strain of E. coli (a gift from
Dr. Chris Voigt) [61]. The strain contains constitutively expressed repressors
for 12 different small molecule inducers. We used 4 of these inducers for our
cgRNA and trigger components. Some of these are used as circuit inputs (i.e.,
the trigger inducers) while others are used to parameterize the circuit (i.e., the
cgRNA inducers). We further modified the strain by genomically incorporating a
constitutively expressed mRFP1 fluorescent protein as the readout.

cgRNA DpTac

Trigger BpCincgRNA BpLux

RepressorspCon RFPpCon

Trigger DpSal

Circuit plasmid P7

Genome

Circuit plasmid P8

Figure 2.11: Plasmid layouts for toggle switch circuits and genomically incorporated
elements. Crooked arrows indicate promoters, forward triangles indicate cgRNA
targeting sites, backward triangles indicate dCas9 binding sites. Red and green
arrows indicate sites for RFP and GFP, respectively. Black blocks indicate cgRNA
and trigger.

The circuit is composed of cgRNAs and triggers on two plasmids (Figure 2.11).
Each plasmid consists of two transcription units of one cgRNA and one trigger of
the same system. All transcriptional units use a different repressor system in the
Marionette strain. We deliberately made the decision to place all dCas9 binding sites
on separate plasmids to minimize any physical effects of dCas9-plasmid binding.

We first determined the parameters for cgRNA induction. An experiment was
ran with a dilution matrix of cgRNA B and cgRNA D under the condition that
either trigger B or trigger D was expressed. We aimed to see a cgRNA expression
condition such that when trigger D is expressed, RFP signal is low, and when trigger
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Figure 2.12: Validation of RFP toggle switch circuits using time course fluorescence
measurements and flow cytometry. Time course fluorescence measurements are
mean ± standard deviation for N=3 replicates. One out of three flow cytometry
replicates are shown. Refer to Section A.4 for detailed replicates. For experiment
lines (initially on and initially off) cgRNA B and cgRNA D are induced with 100nM
OC6 and 100𝜇M IPTG, respectively, for all intervals. Trigger B and trigger D
are induced with 10𝜇M OHC14 and 100𝜇M Sal, respectively, for intervals 1 and 3.
After removing trigger expression via dilution of trigger inducers, cells maintain their
fluorescence as the previous interval with trigger. Negative fluorescence and positive
fluorescence were induced with only 1𝜇M OC6 and 1mM IPTG, respectively, for
all intervals.

B is expressed, RFP signal is high. We found that a mixture of 100 𝜇M of IPTG
inducing cgRNA B and 100nM OC6 inducing cgRNA D is optimal for switch
behavior.

To characterize the toggling behavior, we performed an experiment in four intervals.
In the first interval, triggers are expressed to set the switch, setting the fluorescence
to high (expressing trigger B) or low (expressing trigger D). In the second interval,
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trigger expression is removed to check if the switch remains set, we expect the
low fluorescence conditions in interval 1 to remain low fluorescence, and the high
fluorescence conditions in interval 1 to remain high fluorescence. In the third
interval, trigger expression is inversed to reset the switch in the opposite direction,
such that the well with trigger B induction in interval 1 is now induced with trigger
D. In the fourth interval, trigger expression is once again removed to check if the
reset switch remains in its previous levels. In each interval, cells are grown for 12
hours. At the end of the interval, cells are diluted into fresh media with the proper
trigger inducer conditions. In experimental strains, cgRNAs are always induced at
the levels previously determined. The high and low fluorescence controls are wells
highly induced with cgRNA D (1mM IPTG) and cgRNA B (1𝜇M OC6), respectively
and no triggers.

We observe both in time-course plate reader and end-point flow cytometry data that
the toggle switch behaves as expected (Figure 2.12). Specifically, the wells initially
induced with trigger D have low fluorescence (initially off) and the wells initially
induced with trigger B have high fluorescence (initially on) in interval 1. In interval
2, the initially on and initially off wells maintain their high and low fluorescence,
respectively. In interval 3, the initially on condition was induced with trigger D
and the initially off condition was induced with trigger B such that the initially on
condition now has low fluorescence and the initially off condition now has high
fluorescence. In interval 4, the wells maintain their low and high fluorescence from
the previous interval.

2.4 Discussion
The appeal of using nucleic acids for synthetic genetic networks is two-fold: first,
nucleic acids can be programmed to interact in complex and dynamic ways to
produce a variety of functions through hybridization; second, multiples of the same
nucleic acid interaction pathways can be designed to not interfere with one another,
making the scaling of modules possible. These advantages have been thoroughly
explored in vitro [62], however it has always been difficult to create mechanisms
in living cells. The Pierce lab have in the past tried to create a conditional RNAi
mechanism, however, there are significant differences between living cells, in lysate,
and in vitro [11, 12]. In recent years, several nucleic acid regulators have been
invented for use in synthetic biology. One of these regulators is the riboswitch [14].
The riboswitch uses a nucleic acid hairpin loop and trigger to activate or inactive
translation on an mRNA. While it allows conditional activation or deactivation of
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translation it still requires proteins as a circuit intermediary, thus the output of the
circuit cannot be orthogonally used to trigger the next stages of the circuit. Another
recent nucleic acid regulator is STARs [13]. STARs uses a terminator transcribed
prior to the RNA of interest, which can be disturbed by a small RNA trigger, to
conditionally activate or inactivate expression. So far, STARs only work in bacteria
and do not provide a clean sequestration motif as the trigger binding must occur
during transcription. cgRNAs overcome some of these previous limitations in that
they work with bacterial and mammalian cells, do not require translation, and have
a defined hybridization step after the transcription of both cgRNA and trigger.
Furthermore, the triggers for cgRNAs could, in the future, can be appended to or
be a part of an existing mRNA, further deepening the integration between synthetic
and natural biology.

In this work, we demonstrated the useful features of cgRNA by demonstrating a
feedback circuit, with a hybridization based feedback mechanism, and scaling up
of that circuit. Previous CRISPR circuits have used miRNA as a means to degrade
a RNA transcript to provide feedback [73]. However, the feedback provided in our
circuit only made use of hybridization of nucleic acids. We have also not found any
demonstrations of the scale up of a circuit schematic utilising the same regulatory
components.

In the long run, we hope to achieve truly scalable synthetic genetic circuits, and to
move the focus from new modules towards connecting these modules to form ever
larger interaction networks. Large gRNA cascades have been demonstrated in the
past [72]. However, these cascades do not contain feedback, and they only showed
one circuit motif operating in a cell at once. In terms of scalability, the significance
of our work is to show two independent circuits operating in the same cell, and to
show that we can link these exact same modules together into larger circuits.

We are continually expanding the function and utility of cgRNAs by exploring
other Cas variants, such as activator Cas9; building larger libraries of cgRNA
regulators; validating cgRNAs with other biological models, such as mammalian
cells or embryos; as well as building and validating other circuit motifs that are
compatible with cgRNAs. cgRNAs can potentially become a versatile tool for
engineering large synthetic genetic networks in the future.
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C h a p t e r 3

HCR LATERAL FLOW ASSAYS FOR AMPLIFIED SARS-COV-2
TESTING

Samuel J. Schulte, Jining Huang, and Niles A. Pierce. HCR lateral flow assays for
amplified instrument-free at-home SARS-CoV-2 testing, September 2022. URL
https://www.biorxiv.org/content/10.1101/2022.09.18.508442v1.
J.H. participated in the conception of the project, designed, manufactured, and
optimized the RNA detection tests, prepared publication data for RNA tests, and
participated in preparation of the manuscript.

In March of 2020, the COVID-19 pandemic revealed that lab-based testing could
address the technical requirements for detecting the SARS-CoV-2 virus, but could
not readily scale to meet the needs of the global population during a pandemic.
These initial tests use RT-qPCR. RT-qPCR first reverse transcribes the viral RNA
to create a complementary DNA strand, then amplifies that DNA with PCR. During
the PCR process, probes attach to newly synthesized DNA and fluoresce, providing
signal. RT-qPCR tests can be setup relatively quickly after the publication of
the viral genome, however, they require specially stored reagents and laboratory
equipment. The lack of scale of RT-qPCR tests caused supply shortages of reagents
and equipment all throughout the world causing the need for labs to improvise [82].

In May of 2020, an EUA (emergency use authorization) was given to the first
antigen test [83]. However, this test was an immuno-fluorescence test and required
specialized equipment to use. The first simple at-home rapid antigen test that
reached the scale necessary for the pandemic was the Abbott BinaxNow rapid
antigen test released in August of 2020 [84]. The market has since then been
flooded by rapid antigen tests; these simple disposable tests could be used at home
without special expertise. Rapid anti-gen tests work similarly to pregnancy tests.
They employ a lateral flow assay format in which the hCG protein (in the case of
a pregnancy test) or the viral nucleocapsid protein (in the case of a rapid SARS-
CoV-2 antigen test) moves via capillary forces through a porous substrate, most
commonly nitrocellulose, binding in a sandwich between a first antibody carrying
a colored label and a second immobilized antibody at the test region to concentrate
the analyte–label complex such that it is visible to the naked eye if the target is

https://www.biorxiv.org/content/10.1101/2022.09.18.508442v1
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sufficiently abundant [107]. The simplicity of these tests makes them ideal for use
cases where access to equipment and expertise is limited, such as at-home use.

The large time disparity between the advent of the RT-qPCR test and the rapid
antigen tests comes from the ingredients for each test. In the case of the RT-qPCR
test, the ingredient specific to the detection of SARS-CoV-2 are the DNA probes used
to prime the genomic RNA, the cDNA, and amplified sequences. Once the genomic
sequence of the virus is available, DNA probes can be designed and synthesized
quickly. Manufacturing of any custom DNA probes is mostly an automated, and
fully chemical process that does not require the involvement of any living organisms
(other than the human operating the machines). To create a rapid test, however,
requires specific antibody pairs that have high affinity to the analyte of interest. To
acquire such an antibody pair, the analyte of interest is most often injected into an
animal, and the naturally produced antibodies are isolated and screened. In a time
of emergent disease, this process of antibody discovery will delay rapid at-home
testing of the novel pathogen at a critical time.

Another key issue with rapid antigen tests for SARS-CoV-2 is their relatively high
limit of detection. In the first month of pregnancies, hCG concentrations in urine
rises to ≈ 1010 copies/𝜇L [108, 109], and commercial lateral flow assays for preg-
nancy typically have a limit of detection of ≈ 107 copies/𝜇L. For SARS-CoV-2
tests, the commercial assays detect the N protein. There is a large number of N
proteins per virion (≈ 1000) [110]. However, there is a much more limited viral load
of virion in a SARS-CoV-2 infection than hCG proteins in pregnancy. In March
2020, two studies found a median viral load of 158 and 3300 virions/𝜇L in saliva
[111, 112]. These numbers demonstrate that the lateral flow test format is just barely
sensitive enough to detect a SARS-CoV-2 infection. This high limit of detection
leads commercial rapid antigen tests to have high false negative rate (e.g., 25–50%
in two hospital studies) [85, 86]. Furthermore, in order to shorten the time of assay
development previously mentioned, the binding probes must be for a nucleic acid
target, since these probes can be designed and manufactured quickly. There is only
one copy of the viral RNA genome per virion. In comparison, the RT-qPCR tests can
achieve limits of detection of 0.1–0.6 copies/𝜇L of viral RNA genome [113, 114].

In academic circles, there are alternatives to the RT-qPCR and rapid antigen tests.
One such type of test uses RT-LAMP [87, 88]. RT-LAMP is similar to a RT-qPCR
test, however all nucleic acid synthesis steps are done in the same pot at the same
temperature. RT-LAMP accomplishes this by using isothermal enzymes as well
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as special primers to form self-priming loops at the end of amplified DNA [89].
The presence of dsDNA changes the pH in the reaction solution, and a sensitive
colorimetric pH indicator is used for readout. RT-LAMP improves on the RT-qPCR
test by requiring less sophisticated equipment, and less technical lab work while
closely maintaining sensitivity. However, it still is used as a laboratory test because
it requires enzymes with strict storage conditions, and is subject to the operating
requirements of the underlying enzymes.

Another academic alternative is by using CRISPR based readouts for amplified
nucleic acids via IVT (in vitro transcription). These technologies typically convert
RNA or DNA genomes into dsDNA by RPA or RT-RPA, and perform IVT on the
dsDNA to synthesize RNA. The RNA is then introduced to a Cas-sgRNA complex,
where the sgRNA targets a specific site on the IVT RNA. Once the Cas-sgRNA
complex recognizes a site on the IVT RNA, it will collaterally cleave single-stranded
nucleic acid sensors with two haptens on each end of the strand. The cleavage or lack
of cleavage can be read out via fluorescence or lateral flow. These CRISPR assays
once again require less sophisticated equipment, is marginally worse than RT-qPCR
in terms of sensitivity, but still require many enzyme steps. While a device [91] that
automates this assay is possible, there are still a myriad of different conditions for
each step of the test.

We set the goal of developing an amplified lateral flow assay that would enable
detection of 1000 SARS-CoV-2 virions/𝜇L, representing an increase in sensitivity
of approximately four orders of magnitude relative to at-home pregnancy tests.

To close the gap between our target of 1000 copies of RNA genome per 𝜇L and the
pregnancy test limit of detection of ≈ 107 copies/𝜇L, we require a large factor of
amplification. We hypothesized that signal amplification based on the mechanism
of hybridization chain reaction (HCR) [15] would be well-suited for adaptation to
the lateral flow assay format.

HCR has previously been used to provide in situ signal amplification for multiplexed,
spatial imaging for RNA and proteins in fixed biological specimens [16, 17, 20, 21].
The target molecules in a fixed environment are detected by probes carrying HCR
initiators and signal is amplified by the polymerization of fluorophore-labelled HCR
hairpins, enabling the spatial imaging of molecules within cells, tissue sections, or
whole-mount embryos [16–21].
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HCR imaging is a multistage process. In the detection stage, probes are added
to a fixed sample, and incubated to allow binding. These probes can be DNA
or antibodies-conjugated with a DNA initiator. The unused probes are washed
in an additional step to reduce non-specific probe binding. In the amplification
stage, fluorophore-labelled hairpins are added to the probe-bound sample, and the
initiator on the target-bound probes will open the first hairpin, allowing it to expose
a second initiator, that in turn opens a second hairpin, that exposes the initiator
domain on the probe, enabling polymerization to continue. After polymerization,
hairpins are removed via washing to remove non-specific hairpin binding [20]. In
the context of fixed samples, a researcher can manually add and wash away the
various reagents in the different stages of HCR amplification. However, in order
to create a simpler device with as little human intervention as possible, we need
to automate reagent delivery and removal, and replace the fluorescence detection
scheme with an indicator visible to the human eye.

To automate reagent addition and removal, we planned to use multi-channel lateral
flow device designs [115, 116] to sequentially deliver one reagent well at a time in a
specified order. To accommodate the lateral flow format, with its comparatively short
run time and strict liquid-flow patterns, we worked at higher reagent concentrations
than are typical for HCR in situ imaging experiments. To eliminate the need for
fluorescence imaging equipment, we instead employ hairpins with a conjugated
hapten instead of a fluorophore, these haptens can bind to an antibody conjugated
to a chromophore to be delivered by a third automated reagent addition step. We
do not use hairpins conjugated to chromophore directly because the chromophore
is bulkier than hairpins and will interfere with polymerization kinetics.

Seeking to maintain the attractive properties of existing lateral flow tests while
addressing the more demanding challenge of SARS-CoV-2 and emergent pathogen
detection, we set design criteria:

• Adaptable: the creation of a new test for an emergent pathogen should be on
the timescale of a week rather than months.

• Simple: the test should be as simple to use as a pregnancy test, enabling
routine at-home use by a non-expert.

• Inexpensive: the test device should be disposable and not require at-home
instrumentation.

• Robust: the test should avoid reagents (e.g., enzymes) that require cold storage.
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• Rapid: the test should return results in ≈1 hour, and not days (as is typical of
RT-qPCR lab tests).

• Sensitive: the test should have a limit of detection of 1000 virions/𝜇L or lower.

Duration
Test Probes Amplification (min)

Current work DNA probes HCR 90
Commercial A Proprietary antibody None 15
Commercial B Proprietary antibody None 10
Commercial C Proprietary antibody None 15
Commercial D Proprietary antibody None 15
Commercial E Proprietary antibody None 10

Table 3.1: Descriptions of commercial SARS-CoV-2 rapid tests detecting nucle-
ocapsid protein (N) and amplified HCR lateral flow assay. Description of probes
used, amplification techniques and test time for 5 commercial tests and the amplified
HCR lateral flow assay described in the current work.

Commercial RT-qPCR offerings are adaptable, inexpensive, and sensitive. Com-
mercial rapid antigen tests (Table 3.1) are simple, inexpensive, robust and rapid.
Both the RT-LAMP and CRISPR approaches are potentially adaptable and sensi-
tive. While commercial rapid antigen offerings are highly reliable when they return
a positive result (e.g., 96–100%) [85, 86], their lack of sensitivity can lead to a high
false negative rate (e.g., 25–50% in two hospital studies) [85, 86].

Gamma-irradiated virus copies/𝜇L
Test 100 200 500 1,000 2,000 5,000 10,000 20,000

Current work ✗ ✗ ✗ ✓✓✓ ✓✓✓ ✓✓✓ n.t. n.t. n.t. n.t.
Commercial A ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓✓✓ n.t. n.t. n.t.
Commercial B ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓✓✓ n.t. n.t. n.t.
Commercial C ✗ ✗ ✗ ✗ ✗ ✗ ✓✓✓ ✓✓✓ n.t. n.t. n.t. n.t.
Commercial D n.t. n.t. ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓✓✓

Commercial E ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✓✓✓ ✓✓✓ n.t. n.t. n.t.

Table 3.2: Amplified HCR lateral flow assay vs five commercial unamplified lat-
eral flow assays. Gamma-irradiated virus spiked into first-channel (this work) or
manufacturer-provided (commercial tests) buffer. 𝑁 = 3 replicates for each con-
centration. Each replicate was judged by eye for a positive (✓) or negative (✗) test
result. Not tested (n.t.). See Schulte et al. [117] for images and methodology. Final
data collection performed by my collaborator Sam Schulte.
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With this work we seek to make an amplified rapid antigen test that is adaptable, but
also more sensitive than commercial offerings, while trying to retain the positive
characteristics of current rapid antigen tests. In this new testing regime, days, not
months after a new emergent pathogen appears, those affected can have a sensitive
means to continuously monitor their infection status, and take preventative action
based on reliably available data. In developing an amplified HCR lateral flow assay
detecting the SARS-CoV-2 RNA genome, we have so far found it necessary to
include a heat extraction step, increasing the assay complexity and time, however
we achieves a limit of detection lower than five commercial SARS-CoV-2 rapid
antigen tests that we evaluated (Table 3.2).

3.1 Device description
To detect viral RNA, we target the same SARS-CoV-2 single-stranded RNA genome
that is detected by lab-based PCR tests (Figure 3.1). The target RNA is detected
by DNA signal probes complementary to different subsequences along the ≈30,000
nt target, avoiding subsequences shared by other coronaviruses (with the exception
of SARS-CoV, which has high sequence similarity to SARS-CoV-2, causes severe
disease, and is not circulating [118]). To automatically suppress background that
could otherwise arise from non-specific probe binding, our DNA signal probes take
the form of split-initiator probe pairs with an HCR initiator split between a pair
of probes [20]. As a result, any individual probe that binds non-specifically will
not trigger HCR, but specific hybridization of a pair of probes to adjacent cognate
binding sites along the target RNA will colocalize a full HCR initiator capable of
triggering HCR signal amplification. To maximize sensitivity, the signal probe set
comprises 198 split-initiator DNA probe pairs.

By hybridizing to the RNA target, the DNA signal probes create a DNA/RNA
duplex at each probe binding site. The probe-decorated target is captured in the
test region by an immobilized anti-DNA/RNA capture antibody [119] that binds
to DNA/RNA duplexes. Note that while the capture antibody binds DNA/RNA
duplexes independent of sequence, any captured RNA that does not include specifi-
cally bound split-initiator DNA signal probe pairs will not trigger HCR, and hence
will not contribute to background. After immobilization of the probe-decorated
target in the test region, colocalized full HCR initiators trigger the self-assembly of
DIG-labeled HCR hairpins into HCR amplification polymers decorated with DIG,
which are in turn bound by CB-labeled anti-DIG reporter antibodies. Reagents are
automatically delivered to the test region in three successive stages using a 3-channel
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Figure 3.1: Amplified HCR lateral flow assay. Split-initiator DNA signal probe
pairs hybridize to cognate binding sites on the viral RNA genome to colocalize full
initiator i1; the resulting DNA/RNA duplex is captured in the test region by anti-
DNA/RNA capture antibodies; initiator i1 triggers self-assembly of DIG-labeled
HCR hairpins (h1 and h2) to form a tethered HCR amplification polymer that is
subsequently bound by multiple CB-labeled anti-DIG reporter antibodies, generating
multiple units of signal per target. DIG: digoxigenin. CB: carbon black.

membrane (Figure 3.2). The DNA signal probes bind the RNA target and travel
via the shortest membrane channel (Channel 1) to reach the test region first, where
the probe-decorated target is captured by pre-immobilized anti-DNA/RNA capture
antibodies. DIG-labeled HCR hairpins travel via a channel of intermediate length
(Channel 2) and reach the test region next, where colocalized full HCR initiators
formed by specifically bound split-initiator signal probe pairs trigger growth of
tethered DIG-labeled HCR amplification polymers. CB-labeled anti-DIG reporter
antibodies travel via the longest channel (Channel 3) and arrive in the test region last,
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Figure 3.2: Automated delivery of reagents to the test region from Channels 1, 2,
and 3 in succession using a 3-channel membrane.

where they bind the HCR amplification polymers to generate an amplified colored
signal in the test region.

Extraction of the viral RNA genome requires mild denaturing conditions to remove
the viral envelope and the nucleocapsid (N) proteins decorating the RNA genome.
These denaturing conditions also help to disrupt native secondary structure in the
single-stranded RNA genome prior to detection by the DNA signal probe set. We
encountered difficulties incorporating chemical denaturants into the rapid test plat-
form, as the same denaturants that enable target extraction and denaturation also
destabilize the DNA/RNA duplexes that underlay target detection. By contrast, heat
denaturation can be applied to the sample transiently and then removed to allow
DNA probe binding [119]. To date, we have found incorporation of a heat denat-
uration step to be essential for detection of the SARS-CoV-2 RNA genome in the
context of an amplified HCR lateral flow assay. Unfortunately, the addition of a
heating step means that we are not yet able to meet our goal that the viral RNA test
be as simple to perform as a pregnancy test.

Nonetheless, conceding for the time being that a heat denaturation step is required
for the viral RNA lateral flow assay, here we demonstrate a prototype approach
using reagents in solution (i.e., using a half-strip assay format) to facilitate heating
the sample/probe mixture on a heat block prior to starting the lateral flow assay.
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For consistency, the DIG-labeled HCR hairpins and CB-labeled anti-DIG reporter
antibodies are also prepared in solution.

2 1

Figure 3.3: Reagents flowing from a forked shape device, reagent from the two
separate channels does not mix or flow in sequence, each reagent uses half of the
width of the channel after the fork. Experiments performed with food coloring to
determine reagent path.

To perform HCR on a nitrocellulose strip, we need to deliver reagents from each of
the three sets of reagents consecutively in three separate stages. We used dilute food
coloring to visualize liquid flow on various nitrocellulose device configurations.
We dipped various devices into wells of food coloring such that flow began in all
channels at the same time. We were seeking a device configuration where each
reagent will pass through the full width of the common channel, where the test
region is, sequentially. In a forked device configuration (Figure 3.3), the flow of
both food coloring phases does not mix. Instead, they appear to share the common
channel downstream of the fork width wise in two separate phases. While it is
desirable for the three stages to not mix prior to the test line, a controlled sequential
reagent flow over the entirety of the test line is necessary.

There are examples of a comb configuration of sequential reagent delivery in a
lateral flow format in the literature [115, 116]. We designed a three-phase lateral
flow device following the comb design pattern (Figure 3.4). The dimensions of our
device are influenced by the size of 96-well plates and sufficient separation of the
channels to sequentially flow reagents (Figure 3.5). We performed the test with food
coloring to ensure reagents would be sequentially delivered and each reagent has full
width coverage of the common channel where the test region resides (Figure 3.4).
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Figure 3.4: Comb shaped device enables sequential reagent steps over test line.
Experiments performed with food coloring to determine reagent path. Top: visual-
ization of the comb device to sequentially deliver all reagents across the entire width
of the combined channel. Green, blue, and red food coloring is flown into the first,
second, and third channels, respectively. Bottom: visualization of sequential flow
of reagents through the common channel in a comb format using food coloring.

To perform a test, the sample is added to extraction buffer containing the DNA signal
probes (Channel 1 reagents), heated to 65 ◦C for 15 minutes, and then loaded into
a well (Channel 1 well) on a 96-well plate proximal to wells containing the DIG-
labeled HCR hairpins (Channel 2 well) and CB-labeled anti-DIG reporter antibodies
(Channel 3 well; Figure 3.2). To start the lateral flow assay, the ends of the three
membrane channels are simultaneously submerged into the three wells (Figure 3.6),
leading to automated successive delivery of the Channel 1, 2, and 3 reagents to the
test region without user interaction. After 90 minutes, the result is read as either a
positive result (black signal) or a negative result (no signal) in the test region with
the naked eye (Figure 3.7).

The 90-minute duration of this lateral flow assay is because the spacing between the
wells on a 96-well plate dictated long channels, and also because our use of larger
reagent volumes delayed the transitions between channel flows (Figure 3.4).
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Figure 3.5: Nitrocellulose membrane and wicking pad dimensions for viral RNA
detection. The nitrocellulose membrane and wicking pad were overlapped on a
polyethylene backing card and cut to size with a laser cutter. All dimensions are
shown in millimeters (R: radius). All curved lines have a radius of 2.00 mm unless
otherwise indicated.

Figure 3.6: Photograph of the lateral flow device for viral RNA detection. The
lateral flow device with three channels resting within their respective wells on a
96-well plate.
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Figure 3.7: Sensitivity: gamma-irradiated SARS-CoV-2 spiked into extraction
buffer at different concentrations revealed a limit of detection of 200 copies/𝜇L.

No virus 229E HKU1
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Figure 3.8: Cross-reactivity: no staining observed for extraction buffer spiked with
synthetic RNA genomes from different coronaviruses 229E (7,200 copies/𝜇L) or
HKU1 (10,000 copies/𝜇L).

3.2 Test characterization
To characterize sensitivity, gamma-irradiated SARS-CoV-2 virus was spiked into
extraction buffer with DNA signal probes, heated to 65 ◦C for 15 min, and run on the
amplified HCR lateral flow assay, revealing a limit of detection of 200 virions/𝜇L
(Figure 3.7). No background staining was observed in the test region for experiments
run without spiked-in virus (Figure 3.8). To characterize cross-reactivity, experi-
ments were run with synthetic RNA genomes from other coronaviruses spiked in
at high concentration (7,200 copies/𝜇L for 229E and 10,000 copies/𝜇L for HKU1);
no staining was observed in the test region in either case (Figure 3.8). By achieving
a limit of detection of 200 copies/𝜇L, this viral RNA test is more sensitive than
all five commercial lateral flow assays that we evaluated for viral protein detection,
with the caveat that this RNA test uses a half-strip assay format (with reagents in
solution rather then dried onto conjugate pads). For the RNA detection setting, the
HCR amplification gain was 10 ± 3 (mean ± estimated standard error of the mean
via uncertainty propagation for 𝑁 = 3 replicate assays for each experiment type;
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Figure 3.9 and Table 3.3), measured by comparing the signal intensity for assays
run using both HCR hairpins (h1 and h2) to assays run using only hairpin h1.

h1+h2 h1 onlya

h1+h2 h1 onlyb

Figure 3.9: Gamma-irradiated virus was spiked into extraction buffer at 5000
copies/𝜇L for all tests. 𝑁 = 3 replicate assays for unamplified and amplified
HCR lateral flow test. (a) Raw images. (b) Images after conversion to gray-scale.
Quantitative image analysis following the methods of Schulte et al. [117] using the
depicted signal boxes (solid boundary) and background boxes (dashed boundary).

Signalh1+h2 Signalh1 Amplification gain

Viral RNA detection assay 13 ± 2 1.3 ± 0.3 10 ± 3

Table 3.3: Estimated amplification gain in the context of lateral flow assays for
viral RNA detection. Quantitative image analysis of the amplified (h1 and h2) and
unamplified (h1 only) assays of Figure 3.9 following the methods of Schulte et al.
[117]. Mean ± estimated standard error of the mean via uncertainty propagation for
𝑁 = 3 replicate assays for each experiment type.

To demonstrate the usefulness of this lateral flow test platform during an emer-
gent disease, we swapped our SARS-CoV-2 probes for probes targeting the single
stranded RNA genome for the H3N2 influenza virus. After we received the probes,
it took 4 days of laboratory work to purify the probes via PAGE purification, and per-
formed the new H3N2 assay. We were able to detect synthetic H3N2 RNA genome
to 500 copies/𝜇L in the first experiment after acquiring the probes (Figure 3.10).

RNA detection with on-strip HCR amplification introduces a new approach to lateral
flow testing for infectious disease, as to our knowledge, all current unamplified
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Figure 3.10: Sensitivity: synthetic H3N2 genomic RNA spiked into extraction buffer
at different concentrations revealed a limit of detection of 500 copies/𝜇L (N=1).

commercial lateral flow assays detect protein rather than nucleic acids. An important
benefit of RNA detection is the ability to design and synthesize a new DNA signal
probe set within a matter of days following sequencing of a new RNA target of
interest. As a consequence, shortly after the emergence of a new pathogen, an
amplified HCR lateral flow assay could be developed and tested. This capability
would fill a critical gap in the at-home testing infrastructure while antibodies suitable
for a protein-detection lateral flow assay are developed and screened.

Despite not fully fulfilling the simplicity criteria, viral RNA detection with an
amplified HCR lateral flow assay demonstrates promise. Currently, the addition
of a heating step undermines our goals in several regards, reducing simplicity by
adding an extra step, requiring the use of a heat block (which can be viewed as
a primitive form of instrumentation), and increasing the test duration. Further
testing of chemical denaturants, as well as strategies for automated removal of
denaturants, may eliminate the need for a heat denaturation step, enhancing the assay
in multiple regards. Nonetheless, with the exception of the heating step, the assay
remains simple, exploiting a 3-channel membrane to automatically perform HCR
signal amplification without user interaction. Sensitivity is enhanced compared
to unamplified commercial SARS-CoV-2 viral protein tests, achieving a limit of
detection for gamma-irradiated SARS-CoV-2 of 200 copies/𝜇L. The reagents (anti-
DNA/RNA capture antibody, DNA signal probes, DIG-labeled HCR hairpins, CB-
labeled anti-DIG reporter antibodies) are inexpensive, and only the human eye is
needed to read out the result. If the heating step can be removed, it appears feasible
to meet all six design requirements using a full-strip lateral flow assay format (with
reagents dried onto conjugate pads). Even if the heating step cannot be removed,
RNA-detection HCR lateral flow assays may still prove useful due to their suitability
for rapid deployment of new tests in the face of emerging pathogens.
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3.3 Discussion
At the outbreak of a pandemic, an assay that can continuously test and monitor the
population could be transformative in preventing infectious disease transmission.
For example, data and modeling suggest that more than half of SARS-CoV-2 in-
fections are spread unknowingly by asymptomatic carriers [120, 121]. To enable
this continuous testing, we developed an amplified HCR lateral flow assay for viral
RNA detection that is inexpensive (readout via the naked eye), robust (enzyme-free),
adaptable, and sensitive (detecting 200 copies/𝜇L of gamma-irradiated SARS-CoV-
2). By comparison, five unamplified commercial lateral flow assays targeting the
N protein have limits of detection that are 2.5× to 100× higher than our amplified
HCR assay, not to mention the prolonged 7-month period where no rapid at-home
tests were available. Commercial unamplified SARS-CoV-2 rapid tests lead to high
false-negative rates [85, 86], thus any gain in sensitivity is in a critical regime where
a difference can be made in terms of false negative test results, and in turn the
number of active disease carriers at the onset of an emergent infectious disease.

We also demonstrate it is possible to combine the signal amplification of a HCR-
based assay with the simplicity of a lateral flow assay. This was achieved using a
3-channel membrane to sequentially deliver reagents with no user interaction after
initiating the test. Further optimizations can be made to this test in terms signal
strength, simplicity, and versatility of the assay. There is potential to increase the
HCR signal gain from one order of magnitude to the two orders seen in HCR imaging
applications [21]. The heating step prevents this current device from being as simple
as a pregnancy or a commercial rapid antigen test. Further optimization should be
made to either chemically or physically remove this step or automate this step.

While the run time of the amplified test described is higher than most commercial
rapid antigen tests, we anticipate that in many situations a more sensitive test will
be preferred. By switching out SARS-CoV-2 probes for probes targeting other
pathogens, amplified HCR lateral flow assays offer a versatile platform for sensitive
testing, including emerging pathogens. Amplified HCR lateral flow assays for
viral RNA detection have not yet achieved our goals for simplicity, but represent
a promising new approach for infectious disease testing and would enable nimble
assay development upon the sequencing of novel pathogens.
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C h a p t e r 4

NUPACK: ANALYSIS AND DESIGN OF NUCLEIC ACID
STRUCTURES, DEVICES, AND SYSTEMS

Mark E. Fornace, Jining Huang, Cody T. Newman, Nicholas J. Porubsky, Mar-
shall B. Pierce, and Niles A. Pierce. NUPACK: Analysis and design of nucleic
acid structures, devices, and systems, November 2022. URL https://chemrxiv.
org/engage/chemrxiv/article-details/636c7089b588507d0045f283.
J.H. participated in the conception of the project, designed the architecture with
M.E.F., participated in user interface design with M.E.F., C.T.N., and N.A.P, built
the equipment and infrastructure, wrote the control plane, and participated in
preparation of the manuscript.

We are engaged in a multi-decade effort to develop NUPACK (Nucleic Acid Pack-
age), a growing software suite for the analysis and design of nucleic acid structures,
devices, and systems [122]. NUPACK algorithms [5, 7, 8, 92, 123–126] are formu-
lated in terms of nucleic acid secondary structure (i.e., the base-pairs of a set of DNA
or RNA strands) and employ empirical free energy parameters [2, 3, 127–137].

Problem categories
NUPACK algorithms address two fundamental classes of problems:

• Sequence analysis: given a set of DNA or RNA strands, analyze the equilib-
rium base-pairing properties over a specified ensemble.

• Sequence design: given a set of desired equilibrium base-pairing properties,
design the sequences of a set of DNA or RNA strands over a specified ensem-
ble. Sequence design is performed subject to diverse sequence constraints.

Ensembles
NUPACK algorithms operate over two fundamental ensembles:

• Complex ensemble: the ensemble of all (unpseudoknotted connected) sec-
ondary structures for an arbitrary number of interacting RNA or DNA strands.

• Test tube ensemble: the ensemble of a dilute solution containing an arbi-
trary number of RNA or DNA strand species (introduced at user-specified
concentrations) interacting to form an arbitrary number of complex species.

https://chemrxiv.org/engage/chemrxiv/article-details/636c7089b588507d0045f283
https://chemrxiv.org/engage/chemrxiv/article-details/636c7089b588507d0045f283
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Furthermore, to enable reaction pathway engineering of dynamic hybridization
cascades (e.g., shape and sequence transduction using small conditional RNAs
[1, 11]) and large-scale structural engineering including pseudoknots (e.g., RNA
origamis [138]), NUPACK generalizes sequence analysis and design to multi-tube
ensembles comprising one or more test tubes [8].

Note that a complex ensemble is subsidiary to a test tube ensemble, so complex
analysis is inherent in test tube analysis (but not vice versa), and complex design
is inherent in test tube design (but not vice versa). As it is typically infeasible to
experimentally study a single complex in isolation, we recommend analyzing and
designing nucleic acid strands in a test tube ensemble that contains the complex
of interest as well as other competing complexes that might form in solution. For
example, if one is experimentally studying strands A and B that are intended to
predominantly form a secondary structure within the ensemble of complex A·B, one
should not presuppose that the strands do indeed form A·B and simply analyze or
design the base-pairing properties of that complex. Instead, it is more physically
relevant to analyze or design a test tube ensemble containing strands A and B
interacting to form multiple complex species (e.g., A, B, A·A, A·B, B·B) so as
to capture both concentration information (how much A·B forms?) and structural
information (what are the base-pairing properties of A·B when it does form?).

All-new cloud-based NUPACK web app
Since its launch in 2007, usage of the NUPACK web app (nupack.org) [122] has
increased to the point where the underlying static compute cluster is frequently
overwhelmed by user demand. To provide a scalable resource for the global research
community, the NUPACK web app was re-architected from the ground up to exploit
a scalable compute cluster that resizes dynamically in the cloud in response to user
demand. The all-new NUPACK web app integrates diverse components to create
an intuitive and powerful analysis and design environment:

• Algorithms: mathematically rigorous, physically sound, computationally ef-
ficient scientific algorithms [5, 7, 8, 92, 123–126].

• Hardware: a hybrid cloud compute cluster combining local hardware and
scalable cloud hardware.

• Interface: an intuitive web interface for rapid job submission and result
inspection.

https://www.nupack.org/
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• Graphics: publication-quality client-side graphics to enable straightforward
interpretation of results, interactive data, and efficient preparation of talks and
papers.

Researchers can run jobs and inspect results within the NUPACK web app, which
leverages NUPACK 4 scientific code base as its backend.

Outline
We summarize the features of the Analysis, Design, and Utilities pages of the
NUPACK web app:

• Analysis page: Analyze the equilibrium base-pairing properties of one or
more test tube ensembles (and subsidiary complex ensembles). These are the
all-purpose sequence analysis tools.

• Design page: Design the sequences for one or more test tube ensembles (and
subsidiary complex ensembles). These are the all-purpose sequence design
tools.

• Utilities page: Analyze, design, or prepare figures for a single complex
ensemble. These are quick tools applicable when your ensemble is a single
complex.

We further describe the control plane that enables the all-new NUPACK web app to
burst dynamically in the cloud. We then characterize the performance of the old vs.
new NUPACK web app and the performance uplifts from bursting into the cloud.

4.1 Analysis page
The Analysis page of the NUPACK web app (Figure 4.1) enables users to analyze
the equilibrium concentration and base-pairing properties of a multi-tube ensemble
containing one or more test tubes. Each test tube ensemble contains a user-specified
set of strand species, each introduced at a user-specified concentration.

Input
The Analysis Input page allows the user to specify the physical model and com-
ponents for the multi-tube ensemble. For the multi-tube ensemble, specify the
following:

• Material: Select RNA or DNA.
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Figure 4.1: NUPACK analysis page.

• Temperature: Specify the temperature in Celsius (or select “Melt” and specify
a minimum temperature, increment, and maximum temperature to simulate
the multi-tube ensemble for a range of temperatures).

• Model options: Optionally specify details of the physical model:

– Parameters: Select from available free energy parameter sets.

– Ensemble: Specify the coaxial and dangle stacking formulation.

– Salts: Specify salt concentrations (Na+ and Mg++).
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For each test tube within the multi-tube ensemble, specify the following:

• Tube name: Specify the name of the test tube.

• Strands: Specify the name, sequence, and concentration of each strand
species.

• Complexes: Specify the complex species in the test tube in any of three ways:

– Max complex size: Automatically generate all complexes up to a speci-
fied maximum number of strands (default: 1).

– Include complex: explicitly specify complexes to include in the test tube
ensemble (that would otherwise not be included based on the specified
maximum complex size).

– Exclude complex: explicitly specify complexes to exclude from the test
tube ensemble (that would otherwise be included based on the specified
maximum complex size).

Computation
For each complex in the multi-tube ensemble, the partition function, equilibrium
base-pairing probabilities, and minimum free energy (MFE) proxy structure are cal-
culated using a unified dynamic programming framework [5, 92]. If the same strand
species are present in more than one tube of a multi-tube ensemble, the algorithms
achieve significant cost savings relative to analyzing each tube in the ensemble sep-
arately [92]. For each test tube ensemble, the equilibrium complex concentrations
are the solutions to a strictly convex optimization problem (formulated in terms of
calculated partition functions and user-specified strand concentrations), which we
solve efficiently in the dual form [5]. The equilibrium complex concentrations and
base-pairing probabilities are then used to calculate the test tube fraction of bases
unpaired and test tube ensemble pair fractions [5]. In order to analyze the tube
properties for a different set of strand concentrations, it is not necessary to rerun the
dynamic programs to calculate partition functions, equilibrium base-pairing proba-
bilities, and MFE proxy structures; only the convex optimization problem must be
solved again, and this can be rapidly done from within the Results page.
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Results
The Analysis Results page summarizes the equilibrium concentration and base-
pairing properties of each test tube in the multi-tube ensemble; use the dropdown to
examine the results for a given tube.

• Temperature slider: For calculations that specified a temperature range, use
the temperature slider to examine results over the range of simulated temper-
atures.

• Melt profile: For calculations that specified a temperature range, the melt
profile depicts the equilibrium fraction of bases unpaired in the test tube as a
function of temperature.

• Equilibrium complex concentrations: The bar graph depicts the equilibrium
concentration of each complex that forms with appreciable concentration in
the test tube (adjust the display filters to alter which complex concentrations
are shown). Clicking any bar to display equilibrium base-pairing information
for the corresponding complex:

– MFE structure: Depicts the MFE proxy structure for the complex. In
the default view, each base is shaded with the probability that it adopts
the depicted base-pairing state at equilibrium, revealing which portions
of the structure usefully summarize equilibrium structural features of
the complex ensemble.

– Pair probabilities: Depicts equilibrium base-pairing probabilities for
the complex. By definition, these data are independent of concentration
and of all other complexes in solution. The area and color of each dot
scale with the equilibrium probability of the corresponding base pair.
With this convention, the matrix is symmetric, as denoted by a diagonal
line. In the column at right, the area and color of each dot scale with the
equilibrium probability that the corresponding base is unpaired within
the complex ensemble. Optional black circles depict each base pair or
unpaired base in the MFE proxy structure.

• Test tube ensemble pair fractions: Depicts equilibrium base-pairing informa-
tion for the test tube ensemble, taking into account the equilibrium concen-
tration and base-pairing properties of each complex. The area and color of
the dot at row 𝑖 and column 𝑗 scale with the equilibrium fraction of base 𝑖
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that is paired to base 𝑗 in solution. With this convention, the matrix can be
asymmetric. In the column at right, the area and color of the dot in row 𝑖

scales with the equilibrium fraction of base 𝑖 that is unpaired within the test
tube ensemble.

Information can be exported to the Design or Utilities pages:

• To Design: For a given complex, export the MFE proxy structure to the Design
page to redesign the sequence.

• To Utilities: For a given complex, export the MFE proxy structure and se-
quence information to the Utilities page to annotate publication quality graph-
ics, or to do quick analysis or design calculations in the context of the complex
ensemble.

For individual plots, download graphics for editing in vector graphics programs
or download data for local plotting. Alternatively, all job data and plots can be
downloaded as a single compressed file.

4.2 Design page
The Design page of the NUPACK web app (Figure 4.2) allows users to perform
sequence design over a multi-tube ensemble comprising one or more target test
tubes. Wolfe et al. [8] describe the design formulation and details on how to
formulate a multi-tube design problem.

Input
The Design Input page allows the user to specify the physical model and components
for the multi-tube ensemble. For the multi-tube ensemble, specify the following:

• Material: Select RNA or DNA.

• Temperature: Specify the temperature in Celsius.

• Trials: Specify the number of independent design trials.

• Model options: Optionally specify details of the physical model:

– Parameters: Select from available free energy parameter sets.

– Ensemble: Specify the coaxial and dangle stacking formulation.
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Figure 4.2: NUPACK design page.
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– Salts: Specify salt concentrations (Na+ and Mg++).

• Algorithm settings: Optionally specify algorithm settings:

– Stop condition: Specify a stop condition in the range (0,1). The de-
sign algorithm will attempt to reduce the augmented objective function
(weighted ensemble defect plus weighted soft constraints) below the stop
condition while satisfying hard constraints.

– Max design time: Specify the maximum design time.

– Random seed: Specify a non-zero integer for a reproducible design trial
(default: 0; corresponding to a random trial).

– Wobble mutations: For RNA designs, globally prohibit (default) or
allow wobble mutations (yielding G·U base pairs). Note that for RNA
designs, wobble mutations can also be allowed locally when specifying
complementarity hard constraints.

Specify all components that appear in one or more target test tubes within the
multi-tube ensemble:

• Domains: Specify sequence domains. A domain is a set of consecutive
nucleotides that appear as a subsequence of one or more strands in the de-
sign, specified as a name and a sequence (specified 5′ to 3′ using degenerate
nucleotide codes. Note that specification of a domain using degenerate nu-
cleotide codes represents an implicit hard sequence constraint.

• Strands: Specify target strands. Each target strand is a single RNA or DNA
molecule specified as a name and a sequence (specified 5′ to 3′ in terms of
previously specified domains).

• Target complexes: Specify target complexes. Each target complex is an on-
target and/or off-target complex specified as a name and an ordered list of
strands (i.e., an ordering of strands around a circle in a polymer graph) and a
complex name. If the complex is to be used as an on-target complex in at least
one target test tube, it is specified with an on-target secondary structure; the
target structure will be ignored in target test tubes where a complex appears
as an off-target complex.

For each target test tube in the multi-tube ensemble, specify the following:



48

• Target tube name: Specify the name of the target test tube.

• On-target complexes: Specify a set of desired on-target complexes (from the
previously specified set of target complexes that include a target secondary
structure), each with a target concentration.

• Off-target complexes: Specify undesired off-target complexes in any of three
ways:

– Max complex size: Automatically generate the set of all off-target com-
plexes up to a specified maximum number of strands (default: 1).

– Include complex: Explicitly specify off-target complexes to include in
the test tube ensemble (that would otherwise not be included based on
the specified “Max complex size”).

– Exclude complex: Explicitly specify off-target complexes to exclude
from the test tube ensemble (that would otherwise be included based the
specified “Max complex size”).

Note that any complex included as an on-target complex will not be included as
an off-target complex. Note also that if an off-target is specified using a target
complex for which a target structure has been specified, the target structure is
ignored (by definition, there is no target structure for an off-target complex). Note
further that used together, “Max complex size” and “Exclude complex” provide a
powerful combination for specifying target test tubes. With “Max Complex Size” it
is possible to specify a large set of off-target complexes formed from a set of system
components. With “Exclude complex” it is further possible to remove from this large
set all of the cognate products that should form between these system components
(so they appear as neither on-targets nor off-targets in the tube ensemble). For
example, with this approach, the reactive species in a global crosstalk tube can be
forced to either perform no reaction (remaining as desired on-targets) or to undergo
a crosstalk reaction (forming undesired off-targets), enabling minimization of global
crosstalk during sequence optimization.

Optionally specify hard constraints, soft constraints, and/or defect weights for the
multi-tube ensemble:

• Hard constraints: Specify hard constraints that prohibit sequences that vio-
late the constraints, including match constraints, complementarity constraints,
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diversity constraints, similarity constraints, window constraints, library con-
straints, and pattern constraints.

• Soft constraints: Specify soft constraints that penalize (but do not prohibit)
suboptimal sequences, including similarity constraints, pattern constraints,
symmetry constraints, and energy match constraints.

• Defect weights: Specify defect weights to prioritize or de-prioritize design
quality for any combination of domain, strand, complex, or tube. Note that a
defect weight can be specified as either an absolute weight or as a multiplier
of existing weights.

Computation
The sequence design algorithm seeks to iteratively reduce the augmented objective
function (weighted multi-tube ensemble defect plus weighted soft constraints) below
a stop condition while satisfying the specified hard constraints. During sequence
optimization, candidate mutations to a random initial sequence are efficiently eval-
uated over the multi-tube ensemble by estimating the multi-tube ensemble defect
using test tube ensemble focusing, hierarchical ensemble decomposition, and condi-
tional physical quantities calculated within subensembles [7, 8, 126]. The progress
page displays, for each independent design trial, the augmented objective function
as a function of design time.

Results
The following two plots summarize the design results for each independent design
trial:

• Augmented objective function: This plot displays, for each independent design
trial, the augmented objective function comprising:

– The weighted objective function, incorporating any defect weights spec-
ified by the user. With the default value of unity for all weights, this
reduces to the multi-tube ensemble defect, representing the average equi-
librium fraction of incorrectly paired nucleotides over the multi-tube
ensemble.

– The weighted soft constraint contribution for each soft constraint type
specified by the user.



50

• Multi-tube ensemble defect: This plot displays, for each independent design
trial, the multi-tube ensemble defect, representing the average equilibrium
percentage of incorrectly paired nucleotides over the multi-tube ensemble.
For each design trial, the defect contributions within the multi-tube ensemble
come in two varieties:

– The structural defect component quantifies the fraction of nucleotides
that are in the incorrect base-pairing state within the correct complex.

– The concentration defect component quantifies the fraction of nucleotides
that are in an incorrect base-pairing state because they are not in the cor-
rect complex.

Click on the bar for any design trial to explore details for that design trial:

• Tube defects: This plot displays, for each target test tube, the test tube ensem-
ble defect, representing the equilibrium concentration of incorrectly paired
nucleotides over the ensemble of the test tube. For each target test tube, the
defect contributions come in two varieties:

– The structural defect component represents the equilibrium concentra-
tion of nucleotides that are in the incorrect base-pairing state within the
correct complex.

– The concentration defect component represents the equilibrium concen-
tration of nucleotides that are in an incorrect base-pairing state because
they are not in the correct complex.

• Sequences: Sequence design results are displayed for each sequence domain
and each strand in the design ensemble.

Click on the bar for any tube to explore details for that tube:

• On-target complex contribution to tube defect: This plot displays, for each on-
target complex, the contribution to the test tube ensemble defect, representing
the equilibrium concentration of incorrectly paired nucleotides over the en-
semble of the test tube. For each on-target complex, the defect contributions
come in two varieties:
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– The structural defect component represents the equilibrium concentra-
tion of nucleotides that are in the incorrect base-pairing state within the
ensemble of the complex.

– The concentration defect component represents the equilibrium concen-
tration of nucleotides that are in an incorrect base-pairing state because
there is a deficiency in the concentration of the complex.

• On-target complex defect: This plot displays, for each on-target complex in the
test tube, the complex ensemble defect, representing the equilibrium number
of incorrectly paired nucleotides over the ensemble of the complex.

• On-target complex concentration: This plot displays, for each on-target com-
plex in the test tube, the equilibrium complex concentration and the target
concentration.

• Off-target complex concentration: This plot displays the equilibrium complex
concentration for each off-target complex that forms appreciably in the test
tube.

Click on the bar for any on-target complex to explore details for that complex:

• Target structure: Depicts the target secondary structure for the on-target
complex. By default, each base is shaded with the probability that it adopts
the depicted base-pairing state at equilibrium within the complex ensemble.
Optionally, each base is shaded according to its identity.

• Pair probabilities: Depicts equilibrium base-pairing probabilities for the on-
target complex. By definition, these data are independent of concentration and
of all other complexes in solution. The area and color of each dot scale with the
equilibrium probability of the corresponding base pair. With this convention,
the matrix is symmetric, as denoted by a diagonal line. In the column at right,
the area and color of each dot scale with the equilibrium probability that the
corresponding base is unpaired within the complex ensemble. Optional black
circles depict each base pair or unpaired base in the target structure.

Information can be exported to the Analysis or Utilities pages:
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• To Analysis: For the multi-tube ensemble, a given target test tube, or a given
on-target complex, export the designed sequences to the Analysis page for
further equilibrium analysis.

• To Utilities: For a given on-target complex, export the target structure and de-
signed sequences to the Utilities page to annotate publication quality graphics,
or to do quick analysis or design calculations in the context of the complex
ensemble.

For individual plots, download graphics for editing in vector graphics programs
or download data for local plotting. Alternatively, all job data and plots can be
downloaded as a single compressed file.

4.3 Utilities page
The Utilities page of the NUPACK web app (Figure 4.3) allows users to analyze,
design, or annotate the equilibrium properties of a complex. The page accepts
as input either sequence information, structure information, or both, performing
diverse functions based on the information provided, including:

• Evaluation and display of equilibrium base-pairing information for a specified
secondary structure in the context of the complex to which it belongs.

• Automatic layout, rendering, and annotation of secondary structures.

• Sequence analysis or design for a complex ensemble.

For individual plots, download graphics for editing in vector graphics programs
or download data for local plotting. Alternatively, all job data and plots can be
downloaded as a single compressed file.

Information can be exported to the Analysis or Design pages:

• To Analysis: For the specified complex, export the strand sequences to the
Analysis page to analyze in the context of a test tube ensemble.

• To Design: For the specified complex, export the specified structure to the
Design page to design the sequence in the context of a test tube ensemble,
carrying along any specified sequence constraints.

Note that for a given complex ensemble:
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Figure 4.3: NUPACK utilities page.
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• The Analysis page displays results through the lens of the MFE proxy structure.

• The Design page displays results through the lens of the target structure.

• The Utilities page displays results through the lens of a user-specified structure.

4.4 Control plane and infrastructure
From a user friendliness perspective, the new NUPACK web application will use a
cluster burstable to the cloud to alleviate over-utilization issues and allow users to
keep a history of their previous jobs. The previous NUPACK implementation used
an off-the-shelf scheduler, and ran web code intermingled with drawing and dispatch
code on the same head node. This approach is not scalable, the scheduler cannot
incorporate new cloud nodes when the cluster needs to burst, and the head node
can become overwhelmed. Furthermore, the technical debt and the difficulty of
maintenance has reached a critical level where the web app needs to be rearchitected
from the ground up. In our new approach, all components of the application can
be ran in a distributed way, enabling horizontal scaling of the control plane as well
as the workers. All components of the application are also containerized, allowing
future maintainers to easily deploy and reassemble all aspects of NUPACK. The
new implementation of NUPACK consists of three major components, the frontend,
control plane, and the workers. Both the frontend and the control plane will be
hosted on AWS (Amazon Web Services) to ensure robustness and reliability.
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Figure 4.4: NUPACK backend architecture.

Placement and execution of jobs
The control plane for the new NUPACK web application can be divided into four
components (Figure 4.4): 1) the controllers, responsible for coordination of jobs
and worker containers, 2) ElastiCache Redis, responsible for caching and commu-
nications, 3) S3, the job storage system, and 4) RDS Postgres, the job metadata
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system. Each component will be described in detail in this section. The workers
will be described in the next section.

• Controllers: the controllers coordinate all jobs as well as the placement of
worker containers. The controllers can be distributed and do not require a
leader in its cohort. Controllers split one of three frontend job types into
multiples of three sub-job types. The three frontend job types are: analysis,
design, and utilities, where utilities can be either a complex analysis or design
job. The sub-jobs calculate: pair probabilities (pairs sub-jobs), MFE structure
(MFE sub-jobs) or a single design trial (design sub-jobs). An analysis job
with N tubes is typically split into N pairs sub-jobs and N MFE sub-jobs, each
with a list of complexes to be analyzed. A design job is typically split into
individual trials, each trial is reseeded, and each trial is packaged as a design
sub-job. A utilities job can be split into a combination of pairs, MFE, or
design sub-jobs based on the user’s input and calculations selected. Each sub-
job is pushed to the job queue and performed by the workers. The controllers
proxy any intermediate results or progress updates back to the user. Once all
sub-jobs are complete, the controllers retrieve the frontend job specifications,
the sub-job results and compiles frontend job results that are sent to the user.
Each of these steps touches on the various parts of the backend described
below.

• ElastiCache Redis: The communications and caching for NUPACK are
performed by Redis. Sub-jobs are sent to the queue as a ranked list with
their insertion time as the rank. They are processed in order by the worker
containers. Once a worker container begins a job, it sends progress updates
to Redis via a stream. There are three types of signals a worker node can send
as progress updates: a heartbeat signal to indicate the job is currently running
or finished, a batched signal to indicate the number of complexes complete
compared to the total number of complexes in the job, and a design defect
signal to indicate the current design defect. These progress signals are used
by the API to trigger further job actions and are sent to the client to display
progress bars or defect updates. All job specification and results objects sent
from and to the controllers and workers are also cached within Redis if they
are less than N bytes (by default 𝑁 = 10 megabytes). Worker placement and
scaling are also performed by Redis. A worker node will emit an alive signal
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signal and update a hash map of their current workload, the controllers will
read this information periodically to make decisions to scale the cluster.

• S3: the job storage sub-system uses the AWS S3 protocol. As jobs progress,
there are several buckets used to store various stages of a job. These buckets
are:

– Frontend jobs: currently running frontend job inputs

– Backend jobs: currently running backend sub-job inputs

– Frontend intermediates: intermediate data stored for certain running
jobs

– Stale frontend results: compiled results for frontend jobs (non-saved
jobs)

– Backend results: backend results of currently running jobs provided by
the compute container

– Checkpoints: last checkpoint for a running design job

– Saved frontend jobs: store finished job inputs explicitly saved by the
user

– Saved frontend results: store compiled results from finished jobs explic-
itly saved by the user

Each of these buckets also have an associated bucket marked as stale (with
the exception of stale frontend results). Once an entire user job completes, all
components of that job are moved into the stale bucket, with the exception of
frontend job inputs and results for user saved jobs. The stale bucket has a life
cycle policy of self-erasure after M days (by default 𝑀 = 45 days). Objects
less than N bytes are cached in Redis prior to being stored.

• RDS Postgres: Job and sub-job metadata are stored in a PostgreSQL database.
For sub-jobs, the metadata stored are: ID of the affiliated job, creation, start,
last update, and finish times, the type of job, the number of compute slots, and
the current status of the job. For jobs, the metadata stored are: creation and
finish times, the user affiliated with the job, the job type, the current status of
the job, the save status of the job, any user provided comments, and the total
resources used to compute the job. Metadata is used to determine job states
for both the frontend and API. When a sub-job completes, the API checks all
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sub-jobs for the affiliated job, and begins compilation of results if all jobs are
done.

Path of a job

Expand complexes in browser

User presses submit

API receives the job and decomposes it

Pairs: Job queue

Pairs: Worker fetches job

Pairs: In progress

Pairs: Worker �nishes

MFE: Job queue

MFE: Worker fetches job

MFE: In progress

MFE: Worker �nishes

Send API progress
Store job details

Send update to browser

Completion signal

Job recomposition

Completed job sent to browser

Browser calculates tube concentrations

Browser generates �gures

Display results

Figure 4.5: Execution graph for a single tube analysis job through the NUPACK
backend.

This section will describe the path a Analysis, Design, or Utilities job will take from
the user inputs to displaying results (refer to Figure 4.5 for an execution graph of
a single tube analysis job). After the user submits a job, the initial phases of pre-
calculations start in the user’s browser on the frontend. Specifically, the expansion
of strands into the test tube ensemble, subject to user-specified max complex size,
and explicitly included and excluded complexes. The frontend submits this job to
the controllers and receive the assigned job ID. When the job is received by the
controllers, it is decomposed into sub-jobs. During this decomposition process, the
estimated compute resources for the sub-job are automatically assigned and various
checks are performed on the job to ensure it can be performed by NUPACK. The
job and sub-job inputs are uploaded, sub-job metadata is created, and sub-jobs are
submitted to the job queue.
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Once a sub-job is accepted by a worker container, the worker will emit a heartbeat
signal to indicate the start of a sub-job, and begin to download the job inputs and
compute the job. As calculations are being done, both heartbeat and progress signals
are sent. The API uses any signal sent to update the sub-job’s last update time, and
forwards any progress updates to the frontend. Once a sub-job finishes it sends a
heartbeat signal with the finish flag. Upon receiving this signal, the API will check
other sub-jobs in the database, and if they are all complete, it will pull the results
for all sub-jobs, as well as the initial job inputs to create a combined final output for
the job, and it stores that in the appropriate bucket.

Once a job finishes, the frontend will download the job and perform post-completion
calculations. Specifically, tube concentrations are generated for analysis calcula-
tions, defects are generated for design calculations, bar plots and structure drawings
are generated for both analysis and design calculations. After the post-completion
steps, the job results are presented to the user.

Worker scaling
Worker containers can be distributed across multiple clusters. Each cluster is a
physical or virtual subnet. Currently, two clusters are employed: one cluster at
Caltech and a cluster on AWS. The Caltech cluster is fixed-size – its total core count
will not change unless major additions or upgrades are made to the hardware. The
AWS cluster is scalable. If there is not enough capacity for new worker containers
placed on the AWS cluster, a cluster autoscaler will automatically provision a new
instance for the new container. Conversely, the cluster autoscaler will periodically
remove unused instances after they are inactive for some time. Both clusters are
orchestrated by Kubernetes. Kubernetes was chosen for its feature set and wide
acceptance within the software engineering community.

The minimum and maximum number of worker containers, worker container place-
ment priority, and main loop delay (lower priority clusters will check for jobs less
often in order to empty them first) are specified via a configuration file for each
cluster. The API will always attempt to maintain O fully empty nodes (by default,
𝑂 = 3) while meeting the above constraints. If the API decides to add a worker,
it will place a pending signal in Redis, with a P minute expiry (by default, 𝑃 = 5),
and spin up the worker container using the Kubernetes API. Once a worker fully
initializes, it checks for its pending signal and removes it. The API will remove
empty workers if there are more than 3 empty workers by placing a deletion signal
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in Redis. All workers are constantly checking for the deletion signal, and once it is
received, the worker will stop accepting new jobs, finish its current jobs if there are
any, send a deletion confirmation signal and shut off.

Each cluster assumes that all nodes in that cluster are uniform. As a consequence,
the number of CPU cores and amount of memory per worker container is consistent
for each individual cluster. The number of compute slots available for each worker
node to accept jobs is proportional to the CPU and memory assigned, namely 1
job slot is 1 CPU core and 4GB of memory. The API approximates the amount of
memory each job is expected to use and sends the job slots required for a particular
job along with the job ID in the job queue. The main loop of a worker fetches the
maximum number of jobs it can perform from a queue on Redis. The worker will
then start processing those jobs, if the worker runs out of job slots before starting
all the jobs fetched, it will return those unprocessed jobs back to the queue with its
original rank, such that they will be prioritized for pick up by other workers.

Auxiliary functions
NUPACK offers user accounts. The user accounts will enable researchers to keep a
history of their jobs. Jobs can be explicitly saved after they are started, and unsaved
jobs will persist for up to 30 days. The new web app also offers download links for
the NUPACK source code and Python package to all registered users.

4.5 Control plane performance

Strand Sequence Concentration (nM)

A 5′-GCTTGAGATGTTAGGGAGTAGTGC
TCCAATCACAACGCACTACTCCCTAACATC-3′

750

B 5′-AGGGAGTAGTGCGTTGTGATTGGA
AACATCTCAAGCTCCAATCACAACGCACTA-3′

750

C 5′-GTTGTGATTGGAGCTTGAGATGTT
GCACTACTCCCTAACATCTCAAGCTCCAAT-3′

750

Table 4.1: Strands and concentrations used in analysis demo.

We quantified the performance of the new NUPACK control plane in three ways
using variants of the Analysis demo. The Analysis demo is the equilibrium analysis
of a test tube containing three strand species in solution, with a temperature melt
from 35 ◦C to 95 ◦C with a 5 ◦C increment. Strand sequences and concentrations
can be found in Table 4.1. First, we measured the time to complete jobs using the old
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and new versions of the NUPACK web app. Second, we measured the effectiveness
of the burstable cluster on the new web app. Third, we measured the throughput of
the web app by running as many small jobs as we could in a 10-minute window.
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Figure 4.6: Comparison of time required to complete analysis demo with max
size parameter set to 1 to 6 strands for old and new website. At low numbers of
complexes, the compute should be nearly instantaneous, as such these times are
representative of the web overhead (i.e. database entries, communications, etc. . . ).
At high number of complexes, the time in addition to the web overhead are from the
calculations. The new web app is more than an order of magnitude faster for simple
jobs, due to the faster web overhead; and it is more than 2 orders of magnitude faster
for more complex jobs, due to the faster NUPACK4 computational backend.

To measure the time to complete jobs in the old and new versions of the NUPACK
web app, we ran Analysis demo jobs with 𝐿𝑚𝑎𝑥 = 1 to 6 (allow the test tube
ensemble to contain all complexes of up to 𝐿𝑚𝑎𝑥 strands). The smallest job in this
series requires analysis of 39 complexes, while the largest requires analysis of 2925
complexes (taking account of all the temperatures in the melt). This provides a large
range of job sizes to see behavioral differences for both small and large jobs. To
time the jobs, we provided an email to the old web app for jobs with 𝐿𝑚𝑎𝑥 set to 5
and 6 strands, and the start and finish times were taken from when the "Job Started"
and "Job Finished" emails were sent. For all other tests, a screen recorder was used
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to record the submission, progress, and completion of the job. The start and end
times were extracted with millisecond precision from the mouse click to submit to
the first frame where the complete result user interface is painted. The performance
of both the new and old websites can be observed in Figure 4.6. For smaller jobs,
we find the new app to be more than an order of magnitude faster. This difference is
from the web overhead (i.e. database entries, communications, drawing, etc. . . ) as
the scientific calculations should be nearly instantaneous. For larger jobs, we find
the new web app to be more than two orders of magnitude faster, due to the faster
NUPACK4 computational backend.

To measure the effectiveness of the burstable cluster, we created two environments
using the web app code base. Both environments use a fixed size cluster of 3 nodes
with 4 cores per node. The bursting cluster is allowed to use AWS to increase its
compute capacity by provisioning more 4-core nodes. The non-bursting cluster is
only allowed to use the fixed cluster. We submitted 50 Analysis demo jobs with
𝐿𝑚𝑎𝑥 = 6 over approximately one minute (translating to 1300 of each pairs and MFE
sub-jobs). We observed the size of the job queue and the size of the clusters as these
jobs are performed (Figure 4.7). Finishing all 50 jobs required 33 and 6 minutes
for the non-bursting and bursting clusters, respectively. In the bursting cluster, we
note that nodes are provisioned 3 at a time, and they generally take approximately
1 minute to provision. We determined that provisioning 3 nodes at a time is a
good compromise between under-utilization and a large job queue. The ≈1-minute
provisioning time is a combination of the autoscaler recognizing a need for more
nodes, starting an instance, and downloading the compute code.

To measure the throughput of the web application, we scaled the number of con-
trollers available to 10 and tried to submit (via a separate cluster) as many jobs
as the control plane could accept. To accomplish this, we wrote a multi-threaded
script to attempt to submit 10 jobs per second, and horizontally scaled the execution
of this script across 15 nodes. To test the API controllers, the jobs are kept small
to minimize compute needed. Briefly, the Analysis demo was modified use only
one temperature instead of a melt, and the 𝐿𝑚𝑎𝑥 was set to 1. As jobs are more
frequently submitted, the access times to the controllers inevitably slows down, only
the maximum number of jobs the controller can handle will be accepted. We were
able to accept ≈20 jobs per second sustained across 10 minutes. Cluster utilization
and node count during this process are shown in Figure 4.8.
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Figure 4.7: Comparison of performance to complete 50 analysis demo jobs with
max size set to 6 strands for cluster with bursting to the cloud enabled and disabled.
For both conditions, a base cluster of 3 nodes was used, for the bursting condition,
the cluster was allowed to burst to the cloud. Jobs complete: number of jobs
complete. Job queue size: number of sub-jobs waiting in the job queue. Cluster
size: size of the cluster in number of nodes. Utilized cores: number of cores used
to process jobs. Jobs are submitted in the time highlighted in orange, dashed lines
represent full completion of all 50 jobs.

While the jobs are running, the cores utilized by these jobs fluctuates. The scientific
calculations for these small jobs complete on the same time scale as fetching jobs,
downloading inputs and uploading results. This causes the cluster to sometimes
register low utilization, causing transient dips in cluster size as the cluster scales
down. In contrast to the initial spin-up of compute nodes, these transient dips
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Figure 4.8: Cluster performance when the submitting as many small jobs as possible.
The Analysis demo with only one temperature and 𝐿𝑚𝑎𝑥 = 1 was used as the small
job. The controllers were scaled to 10 nodes and a base cluster of 3 nodes was
used; additionally the cluster was allowed to burst to AWS. A separate cluster was
used to submit as many jobs as possible. Jobs complete: number of jobs complete,
the rate is approximately 24 jobs per second. Job queue size: number of sub-
jobs waiting in the job queue; there is an initial accumulation of jobs, but as jobs
progressed, the cluster was scaled to accommodate the additional load. There is
no net accumulation of jobs, demonstrating the cluster’s ability to handle a large
throughput of jobs. Cluster size: size of the cluster in number of nodes; there is
an initial scaling of nodes as jobs are received. There are periods where temporary
scale down occurred. However, the job load forced a scale-up shortly after. After
the submissions were stopped, the nodes was scaled back to the fixed size cluster.
Utilized cores: number of cores used to process jobs.
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are almost immediately recovered as a back log of jobs build and core utilization
increases. The dips recover in much less than a minute because there are two
separate scalers at work. The first scaler resides in AWS infrastructure, provisioning
instances when the number of nodes demanded by the controllers cannot be met
with previously provisioned instances. The second scaler resides in the NUPACK
controllers, changing the number of nodes demanded. The AWS scaler is at a
lower level than the NUPACK scaler. When NUPACK removes a node, it does not
remove the underlying instance, and as such, that instance is available to host a new
NUPACK compute node, should the need arise. Instances will scale down after they
are unused for a number of minutes.
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C h a p t e r 5

CONCLUSIONS

This thesis touches on a variety of projects focused on nucleic acid nanotechnologies.
It presents a step towards the application of nucleic acids in closed-loop synthetic
genetic circuits and molecular diagnostics. It also improves the tools used by the
nucleic acid research community to analyze and design nucleic acid systems. Each
of these project has several future directions to pursue.

In the field of synthetic biology, researchers are always looking for more scalable
and orthogonal ways to build synthetic genetic circuits. In this thesis, we show
the potential of cgRNAs to fulfill this role. To demonstrate the orthogonality and
feedback functionality of cgRNAs, we show a simple feedback circuit built with
cgRNAs. This circuit has three distinct open- or closed-loop configurations with
varying transfer curves, and two of the same circuits can function in the same cell
at the same time without interference with each other. The versatility of cgRNA
circuit construction was demonstrated by combining the components of the previous
two simple circuits and making a larger toggle switch. The toggle switch held the
respective toggled state in the presence and absence of the initial trigger. This
work demonstrate cgRNAs as a valuable component of functional scalable synthetic
genetic circuits in cells.

The COVID-19 pandemic has uncovered the weakness of the current regime of
molecular diagnostics for novel pathogens. The weakness of current commercial
rapid antigen tests are: 1) the large time gap between genomic sequencing of the
pathogen and the development and screening of effective antibody pairs; and 2) the
high limit of detection. The large time gap leads to non-continuous laboratory test-
ing and potentially supply shortages in the initial stages of an emerging pathogen.
The sensitivity gap leads to false-negative tests, allowing infectious individuals to
roam free and infect others. We demonstrated an HCR-amplified test that detects
the genomic RNA in the virus rather than a protein. This overcomes both weak-
nesses of a traditional rapid antigen test. First, due to the programmable nature of
nucleic-acid based testing technologies, probes can be designed, manufactured, and
purified in days instead of months from the date of genomic sequencing of a novel
pathogen. Second, in the test described in this thesis, we were able to decrease limit
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of detection by 2.5- to 100-fold compared to commercial antigen tests. We recog-
nize the drawbacks of the HCR-amplified viral RNA test, specifically a 15-minute
warming step and longer overall test time. However, despite these shortcomings, it
still represents a potential solution and exciting research direction both for testing
existing pathogens with better sensitivity and rapidly responding to future emergent
pathogens.

Both cgRNAs and HCR systems are designed by NUPACK. NUPACK is a suite of
tools for nucleic acid design and analysis. The final project in this thesis describes
a new NUPACK web app rearchitected and rebuilt from the ground up. Since the
last version of the NUPACK web app was released, there were new developments
in the backend recursions [92] and design formulation [8]. While sustaining rapid
growth and usage from the research community, the software and hardware used to
develop the previous NUPACK web app fell into obsolesce. As a result, the older
NUPACK web app is slow and the queue is often full, requiring manual reboots
or queue clears. This thesis described the user interface and technical details of
the new NUPACK web implementation. This new version includes allowing the
control plane and clusters to burst dynamically to job demand, updating the compute
backend [92], and implementing various new user interface features. This further
development of NUPACK will enable nucleic acid designers to create larger and
more complex nucleic acid structures, pathways, and systems.

5.1 Future directions
In all three projects, there are additional long- and short-term future directions of
research. These directions will be explored in the following section.

Using conditional guide RNAs for scalable synthetic feedback circuits
In the field of synthetic genetic circuits, there are many future directions that may
take advantage of cgRNA circuits. These future directions include varied circuit
motifs, different circuit settings, further cgRNA developments, and the incorporation
of computational design and improved validation techniques.

There are many more circuit motifs that can be tested in future derivatives of the stud-
ies described in this thesis. Additional functional motifs such as feedforward loops,
logical components, or memory could possibly be implemented using cgRNAs in
living cells.
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Circuits can be built and tested in various non-bacterial cell types, such as yeast,
mammalian cells, or embryos, thanks to the portability of cgRNAs and the CRISPR
system [66, 72]. Furthermore, inducer synthases, such as AHL synthases, en-
able cgRNA circuits to be integrated into multi-cellular and inter-species systems.
Examples of these circuits include multi-species consortia of bacteria that can spa-
tiotemporally regulate themselves in response to external stimuli, or bacteria with a
synthetic circuit that could interface with more complex organisms such as the root
systems of plants.

Further cgRNA technology development could lead to larger, more scalable, and
more versatile circuits. New modes of CRISPR systems can enable more functions
in the cell. For example, Cas13a can be used to cleave formed mRNAs, unmodified
Cas9 can be used to cleave dsDNA, and various activators exist to turn on transcrip-
tion from an inactive promoter. These new variants of effector proteins can be tested
with current and new cgRNAs and circuits. Synthetic circuits can also be integrated
into native cell biology by using mRNAs as cgRNA triggers. These developments
will present a more versatile repertoire of tools for larger scale circuits.

Additionally, in order to enable larger circuits, we need larger libraries of orthogonal
cgRNAs. The largest cgRNA library published in the Pierce lab is currently 4
[104]. Recent developments in rational design allows researchers to design multiple
orthogonal systems of nucleic acid pathways at once through a new multi-state
designer [8]. With the new designer features, such as weighting of domains, energy
constraints, and the advent of a much faster core code, larger sets of orthogonal
cgRNAs can be designed at a faster pace. Combined with commercial developments
in DNA and plasmid purchasing options, we can more easily create and validate a
large library of orthogonal cgRNAs and triggers. This library of cgRNAs will be
crucial for any future circuit development work.

Currently, circuit construction requires significant fine tuning of the circuit’s compo-
nents and physical plasmids. This process is often tedious and will be prohibitive in
terms of cost and labor for larger circuits. To alleviate this, we can extract computa-
tion models and parameters of cgRNA function through system ID and a systematic
series of experiments. In the future, we hope to achieve sufficient predictive power
in our simulations and/or screening techniques such that we can build and iterate our
circuits in shorter time frames to enable the design and validation of larger circuit
architectures.
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With these larger orthogonal sets of cgRNAs, more versatile libraries of effector
Cas proteins, a large set of biological settings, and accurate computational models,
cgRNAs could provide an ideal platform for large-scale programmable synthetic
biology.

HCR Lateral Flow Assays for Amplified At-Home SARS-CoV-2 Testing
In the field of molecular diagnostics, there are many improvements that can be made
to the prototype device described in this thesis. Improvements can be functional,
such as: decreasing the limit of detection and enabling multiplex detection of
multiple targets at the same time. Improvements can also be for user convenience,
such as: eliminating the 15-minute heat step and manufacturing a device to easily
assemble and perform the test. Further characterization could elucidate additional
important properties of the test such as shelf life and bio-orthogonality to other
drugs, viruses or analytes.

The limit of detection for the prototype device can be improved. In this thesis,
the ratio of amplification between using a H1 hairpin only and both H1 and H2
hairpins is ≈10. However in previous studies [21], an amplification ratio up to
450 can be observed. We have two hypotheses for this discrepancy. First, the
experiment duration, concentration of probes, concentration of hairpins, and reagent
conditions are vastly different than previous works with HCR amplification, and
further optimization could yield higher hairpin polymer lengths. Second, if hairpins
form long polymers, then steric hindrance of the large carbon black particles or the
anti-Dig can occlude some haptens on the polymer chain from binding to carbon
black.

The programmability of a nucleic acid-based test enables multiplexed detection
of different analytes of interest on a single test. Different detection targets can
use different probe sets or hairpins mixed in one-pot. The current foreseeable
challenge to this approach lies in using an anti-DNA:RNA hybrid antibody as the
means to immobilize the analyte at the test line. To create distinctive test lines,
the immobilized capture probes will need to distinguish between targets. There are
two possible ways to overcome this: 1) using modified nucleic acids with faster
kinetics to capture genome, and 2) the modification of DNA initator probes or use
of specialized capture probes to include orthogonal haptens that can interact with
immobilized anti-hapten antibodies.
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In terms of usability and convenience, the heat-step would be the last potential
roadblock to deploying this test in an at-home setting. Removing the heat-step
requires an automated chemical or physical process that will allow the virus to release
the genomic RNA, but must not inhibit DNA probe to RNA genome base pairing.
Preliminary studies were done with various chemical denaturants, however signal
was not observed in these studies. Further studies can be conducted using additional
chemical conditions, incorporation of a wash channel, or through a physical process
to break and remove viral envelopes. After the heat step is eliminated, a 1-step test
will be possible by drying down various reagents onto conjugate pads.

On the topic of commercialization, additional studies, such as the shelf life of var-
ious reagents used and the orthogonality of the test to drugs and other viruses,
will need to be performed on the finished device prior to commercialization. Fur-
thermore, clinical data collection and presentation will most likely be necessary to
commercialize.

NUPACK: Analysis and Design of Nucleic Acid Structures, Devices, and Sys-
tems
We rearchitected and rewrote the NUPACK web app from the ground up to enable
molecular biologists and nucleic acid designers to analyze and design larger and
more complex systems of nucleic acid structures, devices, and systems. Though
great improvements in speed and availability are currently achieved, there are many
features that could further increase the utility of this indispensable tool: features
such as tighter integration with Python-based web notebooks, and allowing users
to submit batch jobs will enable the power user to rapidly prototype and screen
many concurrent systems in silico. Further scientific approaches to nucleic acid
analysis, such as kinetic trajectory analysis of nucleic acid binding, in contrast to
current thermodynamic equilibrium analyses, may also be useful for the community
at large. As the custodians of the tool, we will also need to solidify our archival
and data retention policies of user ran jobs and data. As we move out of the initial
release of the new NUPACK web platform, we will be moving into a new phase of
continuous development.
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A p p e n d i x A

SUPPLEMENTARY INFORMATION FOR CHAPTER 2

A.1 Materials and methods
Plasmid construction and molecular cloning
Sequences for parts used are provided in Section A.2. Plasmid layouts for each
construct as well as representative plasmid maps and corresponding full plasmid
sequences are provided in Section A.3. For plasmid construction, all extension
and inverse PCR were performed with Q5 Hot Start High-Fidelity 2X Master Mix
(NEB, M0494S). Transformation and selection during cloning were performed in
either NEB® 10-beta Competent E. coli (NEB, C3019H) or NEB 5-alpha Competent
E. coli (NEB, C2987H). Plasmid sequences were confirmed via Sanger sequencing
with Laragen Corp. Plasmids were isolated using the QIAprep Spin Miniprep Kit
(Qiagen, 27106X4). Gel extractions are performed with MinElute Gel Extraction
Kit (Qiagen, 28604). Gibson assembly was performed with NEBuilder® HiFi DNA
Assembly Master Mix (NEB, E2621S).

Circuit constructs were generated via Gibson assembly of transcriptional units.
Gibson overhangs from the 3G cloning technique were used [139]. For all circuit
plasmids, transcriptional units were assembled on either a pDVA vector or pDVS
vector. pDVA_colE1 vector was generated by extension PCR of a MoClo vector
(gift from D. Densmore, Addgene plasmid #66040) [140] by adding Gibson overlap
regions. pDVS_psc vector was generated by modification of a pDVA_psc vector
(gift from R. Murray) to replace the carbenicillin resistance gene with an aadA gene
cloned from a JEN202 cell strain (gift from L. Marraffini) [67].

Transcriptional units consists of promoter, cgRNA or trigger, and terminators. Parts
plasmids containing transcriptional units were generated by performing inverse PCR
on cgRNA parts plasmids from a previous study [1]. The linear transcriptional units
were generated using extension PCR to append appropriate Gibson overhangs. Lin-
earized vectors were generated using extension-inverse PCR to append appropriate
Gibson overhangs to pDVA_colE1 or pDVS_psc. Fragments were purified by gel
extraction and assembled via Gibson assembly.
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Genomic Incorporation of mRFP1 into Marionette strain

A transcriptional unit consisting of constitutively expressed mRFP1 is genomically
incorporated into WT Marionette cells (gift from C. Voigt) [61] using pOSIP [141].
Briefly, the insert fragment was obtained by extension PCR performed to extract an
mRFP1 transcriptional unit with Gibson overhang extensions from the previously
obtained Ec001 cell lines (gift from S. Qi) [70]. The vector fragment was obtained
by digesting the pOSIP-KO plasmid (gift from K. E. Shearwin, Addgene plasmid
#45985) [141] with SpeI and BamHI. Fragments are gel purified and combined via
Gibson assembly. Final plasmid product was transformed into WT-Marionette cells
via chemical transformation and plated overnight on Agar plates with Kanamycin.

Cell culture
Circuit plasmids were transformed one or two at a time using chemical transforma-
tion. Briefly, the cell strain was grown overnight in LB, then sub-cultured with a 20 to
100-fold dilution for 3-5 hours. The sub-culture was centrifuged, and re-suspended
in TSS buffer (Thermo Scientific, J62318EQE). Cells were transformed immedi-
ately or stored at -80 ◦C. All cell culturing steps were performed at 37◦C. Antibiotic
working concentrations used were 100𝜇g/mL, 30𝜇g/mL, 34𝜇g/mL, and 50𝜇g/mL
for carbenicillin, kanamycin, chloramphenicol, and spectinomycin, respectively.

Induction assay for thresholding switch
Individual colonies from circuit transformations were picked and grown in 1mL EZ-
RDM buffer with appropriate antibiotics overnight. Cultures were further diluted
100-fold in fresh EZ-RDM with 20nM anhydrotetracycline (aTc, Takara, 631310)
and cultured for 4 hours. OD600 values were measured for subcultures and all
cultures were adjusted to the cell strain with the lowest concentration. Cells are
diluted again 100-fold into EZ-RDM with 20nM aTc with 5000, 1250, 312, 78, 20,
and 0𝜇M IPTG. Cell growth and fluorescence kinetics were read with a microplate
reader (Biotek Synergy Neo2).

Induction assay for toggle switch
Individual colonies from circuit transformations were picked and grown in 1mL EZ-
RDM buffer with appropriate antibiotics overnight. Cultures were further diluted
100-fold in fresh EZ-RDM with 20nM aTc and cultured for 4 hours. Cells were
cultured in a microplate reader for 12 hours in EZ-RDM with appropriate antibiotics
and 20nM aTc containing all cgRNA and trigger inducers. At the end of the
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induction, 200𝜇L of cells were filtered through a 30-40 𝜇m cell filter (Pall, 8027)
and its fluorescence measured using flow cytometry. Further, cells were diluted
again in 100-fold in fresh EZ-RDM with appropriate antibiotics and 20nM aTc
containing cgRNA inducers, but no trigger inducers. At the end of induction, cells
were filtered and measured using flow cytometry. The above two steps were then
repeated starting with the subculture at the end of the 2𝑛𝑑 incubation period, with
swapped trigger inducer conditions to demonstrate switching behavior.

Flow cytometry

Protein fluorescence was measured with the CytoFLEX S Flow Cytometer (Beckman
Coulter) in the Caltech Flow Cytometry Facility. Over 100,000 live cells were
collected for each well at a flow rate of 10 𝜇L/min. mRFP1 fluorescence was
measured using the 561 nm laser with the 585/42 nm filter. SSC-H vs. FSC-H was
used to gate for live cells (see example in Figure A.1). A value of 700 was added
to all fluorescence values in the 585Yellow-A channel to remove most negative
fluorescence values. The first 10,000 data points from the gated area were plotted
in a logarithmic histogram to generate flow cytometry figures.
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Figure A.1: Illustration of the gates used for flow cytometry analysis of cells.
Example of gating for cells on SSC-H vs. FSC-H.
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A.2 Sequences for cgRNAs, triggers, and plasmid elements

Name Sequence Legend

a Splinted switch cgRNAs
cgRNA D 5′-CATCTAATTCAACAAGAATTGTTTTAGAGCTA

CACCTTACGCCGGTTCAATTCCAAGTCCCTTCCAG
TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT
AACACCCTTTACAAACCTTCCTCTTCCTTTACCCT
AAGTGGCACCGAGTCGGTGCTTTTTT-3′

GFP targeting
cgRNA D

cgRNA B 5′-AACTTTCAGTTTAGCGGTCTGTTTTAGAGCTA
GTCGTTACCTTATCAATATCAACCTCCGCATACAC
TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTT
GCACATAGGACCCAACATGCCAACAGAGAAGAGTT
AAGTGGCACCGAGTCGGTGCTTTTTT-3′

RFP targeting
cgRNA B

b Target sites for cgRNA
GFP Target + PAM 5′-CCCAATTCTTGTTGAATTAGATG-3′ GFP target and PAM

site fused to the 5′
end of some triggers
or cgRNAs

RFP Target + PAM 5′-CCCAGACCGCTAAACTGAAAGTT-3′ RFP target and PAM
site fused to the 5′
end of some triggers
or cgRNAs

c Splinted switch triggers
Trigger D 5′-AGGGTAAAGGAAGAGGAAGGTTTGTAAAGGGTGTT

CTGGAAGGGACTTGGAATTGAACCGGCGTAAGGTG-3′
Trigger D

Trigger B 5′-AACTCTTCTCTGTTGGCATGTTGGGTCCTATGTGC
GTGTATGCGGAGGTTGATATTGATAAGGTAACGAC-3′

Trigger B

Trigger C 5′-GACTGTATAAGAATGAACTACTTCAGACCCGTATG
TTATGACGATGGGAAATTTACTATGATTCGATTAC-3′

Trigger C

Table A.1: Control gRNA and trigger sequences. (a) Orthogonal cgRNA sequences.
(b) 5′ target sites for cgRNA transcriptional regulation. (c) Orthogonal trigger
sequences.
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Name Sequence Legend

Promoters and terminators
B1006 Terminator 5′-aaaaaaaaaccccgcccctgacagggcgggg

tttttttt-3′
Short terminator
for cgRNAs and
triggers

pLac 5′-AATTGTGAGCGGATAACAATTGACATTGT
GAGCGGATAACAAGATACTGAGCACA-3′

pLac promoter
R0011

J23105 Const. Promoter 5′-tttacggctagctcagtcctaggtacta
tgctagc-3′

J23105 promoter
[106]

J23106 Const. Promoter 5′-tttacggctagctcagtcctaggtatag
tgctagc-3′

J23106 promoter
[106]

pTac 5′-TGTTGACAATTAATCATCGGCTCGTAT
AATGTGTGGAATTGTGAGCGCTCACAATT-3′

pTac promoter

pSalTTC 5′-GGGGCCTCGCTTGGGTTATTGCTGGTGCCCGGCC
GGGCGCAATATTCATGTTGATGATTTATTATATATCG
AGTGGTGTATTTATTTATATTGTTTGCTCCG
TTACCGTTATTAAC-3′

pSalTTC pro-
moter

pLuxB 5′-ACCTGTAGGATCGTACAGGTTTACGCAA
GAAAATGGTTTGTTACAGTCGAATAAA-3′

pLuxB promoter

pCin 5′-CCCTTTGTGCGTCCAAACGGACGCACGGCGCTCT
AAAGCGGGTCGCGATCTTTCAGATTCGCTCCTCGCGC
TTTCAGTCTTTGTTTTGGCGCATGTCGTTATCGCAAAA
CCGCTGCACACTTTTGCGCGACATGCTCTGATCCCCCT
CATCTGGGGGGGCCTATCTGAGGGAATTTCCGATCCGG
CTCGCCTGAACCATTCTGCTTTCCACGAACTTGAAAAC
GCT-3′

pCin promoter

J23110 Const. Promoter 5′-tttacggctagctcagtcctaggtacaa
tgctagc-3′

J23110 promoter
[106]

J23116 Const. Promoter 5′-ttgacagctagctcagtcctagggacta
tgctagc-3′

J23116 promoter
[106]

J23117 Const. Promoter 5′-ttgacagctagctcagtcctagggattg
tgctagc-3′

J23117 promoter
[106]

Table A.2: Plasmid element sequences. Promoter and terminator element se-
quences.
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A.3 Representative plasmid maps and annotated sequences
Table A.3 describes the plasmid constructs used for in this study. Representative
plasmid maps and annotated sequences are provided in Figures A.2–A.11. Plasmids
for additional studies were constructed analogously.

Name Parts Figures Legend

a Plasmids used in threshold switch studies
pdCas9-LacI Previous study [1] 2.5, 2.7,

2.6, 2.9
P1 pSC101; spec-R; pLac–RFP targeting

cgRNA B–B1006; J23105–RFP Target +
PAM–Trigger B–B1006; J23105–Trigger
C–B1006;

2.7, 2.9 Closed loop

P2 pSC101; spec-R; pLac–RFP targeting
cgRNA B–B1006; J23105–RFP Target +
PAM–Trigger C–B1006; J23105–Trigger
C–B1006;

2.7, 2.9 Open loop by hy-
bridization

P3 pSC101; spec-R; pLac–RFP targeting
cgRNA B–B1006; J23105–RFP Target +
PAM–Trigger C–B1006; J23105–Trigger
B–B1006;

2.7, 2.9 Open loop by
transcription

P4 ColE1; amp-R; pLac–GFP targeting cgRNA
D–B1006; J23105–GFP Target + PAM–
Trigger D–B1006; J23105–Trigger C–
B1006;

2.5, 2.9 Closed loop

P5 ColE1; amp-R; pLac–GFP targeting cgRNA
D–B1006; J23105–GFP Target + PAM–
Trigger C–B1006; J23105–Trigger C–
B1006;

2.5, 2.9 Open loop by hy-
bridization

P6 ColE1; amp-R; pLac–GFP targeting cgRNA
D–B1006; J23105–GFP Target + PAM–
Trigger C–B1006; J23105–Trigger D–
B1006;

2.5, 2.9 Open loop by
transcription

b Plasmids used in toggle switch studies
pdCas9-bacteria Addgene plasmid #44251 2.12
P7 ColE1; amp-R; pLuxB–GFP Target +

PAM–RFP targeting cgRNA B–B1006;
pCin–Trigger B–B1006

2.12 RFP half of tog-
gle switch

P8 pSC101; spec-R; pTac–RFP Target + PAM–
GFP targeting cgRNA D–B1006; pSalTTC–
Trigger D–B1006

2.12 GFP half of tog-
gle switch

Table A.3: Plasmids used for cgRNA circuits in E. coli.
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Name Parts Legend

Plasmids used in threshold switch optimization studies
P9 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;

J23110–RFP Target + PAM–Trigger B–B1006; J23110–
GFP Target + PAM–Trigger C–B1006;

J23110 promoter,
closed loop

P10 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23110–RFP Target + PAM–Trigger C–B1006; J23110–
GFP Target + PAM–Trigger C–B1006;

J23110 promoter,
open loop by hy-
bridization

P11 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23110–RFP Target + PAM–Trigger C–B1006; J23110–
GFP Target + PAM–Trigger B–B1006;

J23110 promoter,
open loop by tran-
scription

P12 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23105–RFP Target + PAM–Trigger B–B1006; J23105–
GFP Target + PAM–Trigger C–B1006;

J23105 promoter,
closed loop

P13 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23105–RFP Target + PAM–Trigger C–B1006; J23105–
GFP Target + PAM–Trigger C–B1006;

J23105 promoter,
open loop by hy-
bridization

P14 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23105–RFP Target + PAM–Trigger C–B1006; J23105–
GFP Target + PAM–Trigger B–B1006;

J23105 promoter,
open loop by tran-
scription

P15 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23116–RFP Target + PAM–Trigger B–B1006; J23116–
GFP Target + PAM–Trigger C–B1006;

J23116 promoter,
closed loop

P16 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23116–RFP Target + PAM–Trigger C–B1006; J23116–
GFP Target + PAM–Trigger C–B1006;

J23116 promoter,
open loop by hy-
bridization

P17 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23116–RFP Target + PAM–Trigger C–B1006; J23116–
GFP Target + PAM–Trigger B–B1006;

J23116 promoter,
open loop by tran-
scription

P18 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23117–RFP Target + PAM–Trigger B–B1006; J23117–
GFP Target + PAM–Trigger C–B1006;

J23117 promoter,
closed loop

P19 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23117–RFP Target + PAM–Trigger C–B1006; J23117–
GFP Target + PAM–Trigger C–B1006;

J23117 promoter,
open loop by hy-
bridization

P20 ColE1; amp-R; pLac–RFP targeting cgRNA B–B1006;
J23117–RFP Target + PAM–Trigger C–B1006; J23117–
GFP Target + PAM–Trigger B–B1006;

J23117 promoter,
open loop by tran-
scription

Table A.4: Plasmids used for threshold switch optimization studies in E. coli.
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B1006 Terminator
Trigger C

J23105 Const. Promoter

B1006 Terminator
Trigger B

RFP Target + PAM

pLac

RFP Targeting cgRNA B

B1006 Terminator

J23105 Const. Promoter

P1
4884 bp

Figure A.2: Plasmid map for P1.
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65T A A G C G A G G C C G C C C G A C T G A T A C G T T G A T T T T C C A A G T T G A A C T A G A T A G A C A A A T G G A T C T C G
130T A A C C G A A C T T G A G A A C A A C C A G A T A A A A A T G A A T G G T G A C A A A A T A C C A A C A A C C A T T A C A T C A
195G A T T C C T A C C T A C G T A A C G G A C T A A G A A A A A C A C T A C A C G A T G C T T T A A C T G C A A A A A T T C A G C T
260C A C C A G T T T T G A G G C A A A A T T T T T G A G T G A C A T G C A A A G T A A G C A T G A T C T C A A T G G T T C G T T C T
325C A T G G C T C A C G C A A A A A C A A C G A A C C A C A C T A G A G A A C A T A C T G G C T A A A T A C G G A A G G A T C T G A
390G G T T C T T A T G G C T C T T G T A T C T A T C A G T G A A G C A T C A A G A C T A A C A A A C A A A A G T A G A A C A A C T G
455T T C A C C G T T A G A T A T C A A A G G G A A A A C T G T C C A T A T G C A C A G A T G A A A A C G G T G T A A A A A A G A T A
520G A T A C A T C A G A G C T T T T A C G A G T T T T T G G T G C A T T T A A A G C T G T T C A C C A T G A A C A G A T C G A C A A
585T G T A A C t a c t a g a g c t a a a t a c a t t c a a a t a t c t a t c c g c t c a t g a g a c a a t a a c c c t g a t a a a t
650g c t t c a a t a a t a t t g a a a a a g g a a g a a t A T G A G T G A A A A A G T G C C C G C C G A G A T T T C G G T G C A A C
715T A T C A C A A G C A C T C A A C G T C A T C G G G C G C C A C T T G G A G T C G A C G T T G C T G G C C G T G C A T T T G T A C
780G G C T C C G C A C T G G A T G G C G G A T T G A A A C C G T A C A G T G A T A T T G A T T T G C T G G T G A C T G T A G C T G C
845A C C G C T C A A T G A T G C C G T G C G G C A A G C C C T G C T C G T C G A T C T C T T G G A G G T T T C A G C T T C C C C T G
910G C C A A A A C A A G G C A C T C C G C G C C T T G G A A G T G A C C A T C G T C G T G C A C A G T G A C A T C G T A C C T T G G
975C G T T A T C C G G C C A G G C G G G A A C T G C A G T T C G G A G A G T G G C A G C G C A A A G A C A T C C T T G C G G G C A T

1040C T T C G A G C C C G C C A C A A C C G A T T C T G A C T T G G C G A T T C T G C T A A C A A A G G C A A A G C A A C A T A G C G
1105T C G T C T T G G C A G G T T C A G C A G C G A A G G A T C T C T T C A G C T C A G T C C C A G A A A G C G A T C T A T T C A A G
1170G C A C T G G C C G A T A C T C T G A A G C T A T G G A A C T C G C C G C C A G A T T G G G C G G G C G A T G A G C G G A A T G T
1235A G T G C T T A C T T T G T C T C G T A T C T G G T A C A C C G C A G C A A C C G G C A A G A T C G C G C C A A A G G A T G T T G
1300C T G C C A C T T G G G C A A T G G C A C G C T T G C C A G C T C A A C A T C A G C C C A T C C T G T T G A A T G C C A A G C G G
1365G C T T A T C T T G G G C A A G A A G A A G A T T A T T T G C C C G C T C G T G C G G A T C A G G T G G C G G C G C T C A T T A A
1430A T T C G T G A A G T A T G A A G C A G T T A A A C T G C T T G G T G C C A G C C A A T G A t a a t a c t a g c t c c g g c a a a
1495a a a a c g g g c a a g g t g t c a c c a c c c t g c c c t t t t t c t t t a a a a c c g a a a a g a t t a c t t c g c g a a a t
1560a g g c g t a t c a c g a g g c a g a a t t t c a g a t a a a a a a a a t c c t t a g c t t t c g c t a a g g a t g a t t t c t g
1625g a a t t c g c g g c c g c t t c t a g a g a c t a g t g g A A G A C A C A T T A C T C G C A T C C A T T C T C A G G C T G T C T
1690C G T C T C G T C T C g A A T T C G T G G T A G G A G A T C T G A A A C A T G A C G A G C T G G T G A G C A T A A G G A G A A T T
1755G T G A G C G G A T A A C A A T T G A C A T T G T G A G C G G A T A A C A A G A T A C T G A G C A C A A A C T T T C A G T T T A G
1820C G G T C T G T T T T A G A G C T A G T C G T T A C C T T A T C A A T A T C A A C C T C C G C A T A C A C T A G C A A G T T A A A
1885A T A A G G C T A G T C C G T T A T C A A C T T G C A C A T A G G A C C C A A C A T G C C A A C A G A G A A G A G T T A A G T G G
1950C A C C G A G T C G G T G C T T T T T T T a a a a a a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t G C G C T
2015A T C A G T T G A C A C A G T G A A G C T T G G G C C C G A A C A A A A A C T C a t c t c a g a a g a g g a t c t g a a t a g c g
2080c c g t c g a c c a t c a t c a t c a t c a t c a t t g a g t t t a a a c g g t c t c c a g c t t g g c t g t t t t g g c g g a t
2145g a g a g a a g a t t t t c a g c c t g a t a c a g a t t a a a t c a g a a c g c a g a a g c g g t c t g a t a a a a c a g a a t
2210t t g c c t g g c g g c a g t a g c g c g g t g g t c c c a c c t g a c c c c a t g c c g a a c t c a g a a g t g a a a c g c c g
2275t a g c g c c g a t g g t a g t g t g g g g t c t c c c c a t g c g a g a g t a g g g a a c t g c c a g g c a t c a a a t a a a a
2340c g a a a g g c t c a g t c g a a a g a c t G G G C C T T T C G T T T T A T C T G T T G T T T G T C G G T G A A C T G G A T C C T
2405T A C T C G A G T C T A G G C A C T G A A G G T C C T C A A T C G C A C T G G A A A C A T C A A G G T C G G A A T T C G T G G T A
2470G G A G A T C T G C A T A A G G A G t t t a c g g c t a g c t c a g t c c t a g g t a c t a t g c t a g c c c c A G A C C G C T A
2535A A C T G A A A G T T A A C T C T T C T C T G T T G G C A T G T T G G G T C C T A T G T G C G T G T A T G C G G A G G T T G A T A
2600T T G A T A A G G T A A C G A C a a a a a a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t C T A C A C C C T T
2665C T A A C A A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t g g g c c t t t c g t t t t a t
2730c t g t t g t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c a c t g g c t c a c c t t c g g g t g g g c c t t t c t
2795g c g t t t a t a G G A T C C T T A C T C G A G T C T A G C T G A C C T C C T G C C A G C A A T A G T A A G A C A A C A C G C A A
2860A G T C G A A T T C G T G G T A G G A G A T C T G C A T A A G G A G t t t a c g g c t a g c t c a g t c c t a g g t a c t a t g c
2925t a g c G A C T G T A T A A G A A T G A A C T A C T T C A G A C C C G T A T G T T A T G A C G A T G G G A A A T T T A C T A T G A
2990T T C G A T T A C a a a a a a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t C T A C A C C C T T C T A A C A A
3055C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t g g g c c t t t c g t t t t a t c t g t t g t
3120t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c a c t g g c t c a c c t t c g g g t g g g c c t t t c t g c g t t t a
3185t a G G A T C C T T A C T C G A G T C T A G C C A G G A T A C A T A G A T T A C C A C A A C T C C G A G C C C T T C C A C C T G T
3250C T T C t a c t a g t a g c g g c c g c t g c a g t c c g g c a a a a a a g g g c a a g g t g t c a c c a c c c t g c c c t t t t
3315t c t t t a a a a c c g a a a a g a t t a c t t c g c g t t a t g c a g g c t t c c t c g c t c a c t g a c t c g c t g c g c t c
3380g g t c g t t c g g c t g c g g c g a g c g g t a t c a g c t c a c t c a a a g g c g g t a a t t c t g c t a g a g C T G T C A G
3445A C C A A G T T T A C G A G C T C G C T T G G A C T C C T G T T G A T A G A T C C A G T A A T G A C C T C A G A A C T C C A T C T
3510G G A T T T G T T C A G A A C G C T C G G T T G C C G C C G G G C G T T T T T T A T T G G T G A G A A T C C A A G C A C T A G G G
3575A C A G T A A G A C G G G T A A G C C T G T T G A T G A T A C C G C T G C C T T A C T G G G T G C A T T A G C C A G T C T G A A T
3640G A C C T G T C A C G G G A T A A T C C G A A G T G G T C A G A C T G G A A A A T C A G A G G G C A G G A A C T G C T G A A C A G
3705C A A A A A G T C A G A T A G C A C C A C A T A G C A G A C C C G C C A T A A A A C G C C C T G A G A A G C C C G T G A C G G G C
3770T T T T C T T G T A T T A T G G G T A G T T T C C T T G C A T G A A T C C A T A A A A G G C G C C T G T A G T G C C A T T T A C C
3835C C C A T T C A C T G C C A G A G C C G T G A G C G C A G C G A A C T G A A T G T C A C G A A A A A G A C A G C G A C T C A G G T
3900G C C T G A T G G T C G G A G A C A A A A G G A A T A T T C A G C G A T T T G C C C G A G C T T G C G A G G G T G C T A C T T A A
3965G C C T T T A G G G T T T T A A G G T C T G T T T T G T A G A G G A G C A A A C A G C G T T T G C G A C A T C C T T T T G T A A T
4030A C T G C G G A A C T G A C T A A A G T A G T G A G T T A T A C A C A G G G C T G G G A T C T A T T C T T T T T A T C T T T T T T
4095T A T T C T T T C T T T A T T C T A T A A A T T A T A A C C A C T T G A A T A T A A A C A A A A A A A A C A C A C A A A G G T C T
4160A G C G G A A T T T A C A G A G G G T C T A G C A G A A T T T A C A A G T T T T C C A G C A A A G G T C T A G C A G A A T T T A C
4225A G A T A C C C A C A A C T C A A A G G A A A A G G A C A T G T A A T T A T C A T T G A C T A G C C C A T C T C A A T T G G T A T
4290A G T G A T T A A A A T C A C C T A G A C C A A T T G A G A T G T A T G T C T G A A T T A G T T G T T T T C A A A G C A A A T G A
4355A C T A G C G A T T A G T C G C T A T G A C T T A A C G G A G C A T G A A A C C A A G C T A A T T T T A T G C T G T G T G G C A C
4420T A C T C A A C C C C A C G A T T G A A A A C C C T A C A A G G A A A G A A C G G A C G G T A T C G T T C A C T T A T A A C C A A
4485T A C G C T C A G A T G A T G A A C A T C A G T A G G G A A A A T G C T T A T G G T G T A T T A G C T A A A G C A A C C A G A G A
4550G C T G A T G A C G A G A A C T G T G G A A A T C A G G A A T C C T T T G G T T A A A G G C T T T G A G A T T T T C C A G T G G A
4615C A A A C T A T G C C A A G T T C T C A A G C G A A A A A T T A G A A T T A G T T T T T A G T G A A G A G A T A T T G C C T T A T
4680C T T T T C C A G T T A A A A A A A T T C A T A A A A T A T A A T C T G G A A C A T G T T A A G T C T T T T G A A A A C A A A T A
4745C T C T A T G A G G A T T T A T G A G T G G T T A T T A A A A G A A C T A A C A C A A A A G A A A A C T C A C A A G G C A A A T A
4810T A G A G A T T A G C C T T G A T G A A T T T A A G T T C A T G T T A A T G C T T G A A A A T A A C T A C C A T G A G T T T A A A
4875A G G C T T A A C C A A T G G G T T T T G A A A C C A A T A A G T A A A G A T T T A A A C A C T T A C A G C A A T A T G A A A T T
4884G G T G G T T G A

Figure A.3: Annotated plasmid sequence for P1.
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B1006 Terminator

Trigger C

J23106 Const. Promoter

B1006 Terminator
Trigger D

GFP Target + PAM

pLac

GFP targeting cgRNA D

B1006 Terminator

J23106 Const. Promoter

P4
3694 bp

Figure A.4: Plasmid map for P4.
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65g g g c t t a c c a t c t g g c c c c a g t g c t g c a a t g a t a c c g c g c g a c c c a c g c t c a c c g g c t c c a g a t t
130t a t c a g c a a t a a a c c a g c c a g c c g g a a g g g c c g a g c g c a g a a g t g g t c c t g c a a c t t t a t c c g c c
195t c c a t c c a g t c t a t t a a t t g t t g c c g g g a a g c t a g a g t a a g t a g t t c g c c a g t t a a t a g t t t g c g
260c a a c g t t g t t g c c a t t g c t a c a g g c a t c g t g g t g t c a c g c t c g t c g t t t g g t a t g g c t t c a t t c a
325g c t c c g g t t c c c a a c g a t c a a g g c g a g t t a c a t g a t c c c c c a t g t t g t g c a a a a a a g c g g t t a g c
390t c c t t c g g t c c t c c g a t c g t t g t c a g a a g t a a g t t g g c c g c a g t g t t a t c a c t c a t g g t t a t g g c
455a g c a c t g c a t a a t t c t c t t a c t g t c a t g c c a t c c g t a a g a t g c t t t t c t g t g a c t g g t g a g t a c t
520c a a c c a a g t c a t t c t g a g a a t a g t g t a t g c g g c g a c c g a g t t g c t c t t g c c c g g c g t c a a t a c g g
585g a t a a t a c c g c g c c a c a t a g c a g a a c t t t a a a a g t g c t c a t c a t t g g a a a a c g t t c t t c g g g g c g
650a a a a c t c t c a a g g a t c t t a c c g c t g t t g a g a t c c a g t t c g a t g t a a c c c a c t c g t g c a c c c a a c t
715g a t c t t c a g c a t c t t t t a c t t t c a c c a g c g t t t c t g g g t g a g c a a a a a c a g g a a g g c a a a a t g c c
780g c a a a a a a g g g a a t a a g g g c g a c a c g g a a a t g t t g a a t a c t c a t a c t c t t c c t t t t t c a a t a t t a
845t t g a a g c a t t t a t c a g g g t t a t t g t c t c a t g a g c g g a t a c a t a t t t g a a t g t a t t t a g a a a a a t a
910a a c a a a t a g g g g t t c c g c g c a c a t t t c c c c g a a a a g t g c c a c c t g a c g t c t a a g a a a c c a t t a t t
975a t c a t g a c a t t a a c c t a t a a a a a t a g g c g t a t c a c g a g g c a g a a t t t c a g a t a a a a a a a a t c c t t

1040a g c t t t c g c t a a g g a t g a t t t c t g g a a t t c g c g g c c g c t t c t a g a g a c t a g t g g g t c t c a G G A G C
1105A T T A C T C G C A T C C A T T C T C A G G C T G T C T C G T C T C G T C T C g A A T T C G T G G T A G G A G A T C T G A A A C A
1170T G A C G A G C T G G T G A G C A T A A G G A G A A T T G T G A G C G G A T A A C A A T T G A C A T T G T G A G C G G A T A A C A
1235A G A T A C T G A G C A C A C A T C T A A T T C A A C A A G A A T T G T T T T A G A G C T A C A C C T T A C G C C G G T T C A A T
1300T C C A A G T C C C T T C C A G T A G C A A G T T A A A A T A A G G C T A G T C C G T T A T C A A C T T A A C A C C C T T T A C A
1365A A C C T T C C T C T T C C T T T A C C C T A A G T G G C A C C G A G T C G G T G C T T T T T T T a a a a a a a a a c c c c g c c
1430c c t g a c a g g g c g g g g t t t t t t t t G C G C T A T C A G T T G A C A C A G T G A A G C T T G G G C C C G A A C A A A A A
1495C T C a t c t c a g a a g a g g a t c t g a a t a g c g c c g t c g a c c a t c a t c a t c a t c a t c a t t g a g t t t a a a c
1560g g t c t c c a g c t t g g c t g t t t t g g c g g a t g a g a g a a g a t t t t c a g c c t g a t a c a g a t t a a a t c a g a
1625a c g c a g a a g c g g t c t g a t a a a a c a g a a t t t g c c t g g c g g c a g t a g c g c g g t g g t c c c a c c t g a c c
1690c c a t g c c g a a c t c a g a a g t g a a a c g c c g t a g c g c c g a t g g t a g t g t g g g g t c t c c c c a t g c g a g a
1755g t a g g g a a c t g c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t G G G C C T T T C G T T T T A
1820T C T G T T G T T T G T C G G T G A A C T G G A T C C T T A C T C G A G T C T A G G C A C T G A A G G T C C T C A A T C G C A C T
1885G G A A A C A T C A A G G T C G G A A T T C G T G G T A G G A G A T C T G C A T A A G G A G t t t a c g g c t a g c t c a g t c c
1950t a g g t a t a g t g c t a g c c c c A A T T C T T G T T G A A T T A G A T G A G G G T A A A G G A A G A G G A A G G T T T G T A
2015A A G G G T G T T C T G G A A G G G A C T T G G A A T T G A A C C G G C G T A A G G T G a a a a a a a a a c c c c g c c c c t g a
2080c a g g g c g g g g t t t t t t t t C T A C A C C C T T C T A A C A A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c
2145a g t c g a a a g a c t g g g c c t t t c g t t t t a t c t g t t g t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c
2210a c t g g c t c a c c t t c g g g t g g g c c t t t c t g c g t t t a t a G G A T C C T T A C T C G A G T C T A G C T G A C C T C
2275C T G C C A G C A A T A G T A A G A C A A C A C G C A A A G T C G A A T T C G T G G T A G G A G A T C T G C A T A A G G A G t t t
2340a c g g c t a g c t c a g t c c t a g g t a t a g t g c t a g c G A C T G T A T A A G A A T G A A C T A C T T C A G A C C C G T A
2405T G T T A T G A C G A T G G G A A A T T T A C T A T G A T T C G A T T A C a a a a a a a a a c c c c g c c c c t g a c a g g g c g
2470g g g t t t t t t t t C T A C A C C C T T C T A A C A A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a
2535a g a c t g g g c c t t t c g t t t t a t c t g t t g t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c a c t g g c t
2600c a c c t t c g g g t g g g c c t t t c t g c g t t t a t a G G A T C C T T A C T C G A G T C T A G C C A G G A T A C A T A G A T
2665T A C C A C A A C T C C G A G C C C T T C C A C C t g c c a g a g a c c t a c t a g t a g c g g c c g c t g c a g g c t t c c t c
2730g c t c a c t g a c t c g c t g c g c t c g g t c g t t c g g c t g c g g c g a g c g g t a t c a g c t c a c t c a a a g g c g g
2795t a a t a c g g t t a t c c a c a g a a t c a g g g g a t a a c g c a g g a a a g a a c a t g t g a g c a a a a g g c c a g c a a
2860a a g g c c a g g a a c c g t a a a a a g g c c g c g t t g c t g g c g t t t t t c c a c a g g c t c c g c c c c c c t g a c g a
2925g c a t c a c a a a a a t c g a c g c t c a a g t c a g a g g t g g c g a a a c c c g a c a g g a c t a t a a a g a t a c c a g g
2990c g t t t c c c c c t g g a a g c t c c c t c g t g c g c t c t c c t g t t c c g a c c c t g c c g c t t a c c g g a t a c c t g
3055t c c g c c t t t c t c c c t t c g g g a a g c g t g g c g c t t t c t c a t a g c t c a c g c t g t a g g t a t c t c a g t t c
3120g g t g t a g g t c g t t c g c t c c a a g c t g g g c t g t g t g c a c g a a c c c c c c g t t c a g c c c g a c c g c t g c g
3185c c t t a t c c g g t a a c t a t c g t c t t g a g t c c a a c c c g g t a a g a c a c g a c t t a t c g c c a c t g g c a g c a
3250g c c a c t g g t a a c a g g a t t a g c a g a g c g a g g t a t g t a g g c g g t g c t a c a g a g t t c t t g a a g t g g t g
3315g c c t a a c t a c g g c t a c a c t a g a a g a a c a g t a t t t g g t a t c t g c g c t c t g c t g a a g c c a g t t a c c t
3380t c g g a a a a a g a g t t g g t a g c t c t t g a t c c g g c a a a c a a a c c a c c g c t g g t a g c g g t g g t t t t t t t
3445g t t t g c a a g c a g c a g a t t a c g c g c a g a a a a a a a g g a t c t c a a g a a g a t c c t t t g a t c t t t t c t a c
3510g g g g t c t g a c g c t c a g t g g a a c g a a a a c t c a c g t t a a g g g a t t t t g g t c a t g a g a t t a t c a a a a a
3575g g a t c t t c a c c t a g a t c c t t t t a a a t t a a a a a t g a a g t t t t a a a t c a a t c t a a a g t a t a t a t g a g
3640t a a a c t t g g t c t g a c a g t t a c c a a t g c t t a a t c a g t g a g g c a c c t a t c t c a g c g a t c t g t c t a t t
3694t c g t t c a t c c a t a g t t g c c t g a c t c c c c g t c g t g t a g a t a a c t a c g a t a c g g g a

Figure A.5: Annotated plasmid sequence for P4.
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B1006 Terminator

Trigger D
GFP Target + PAM

J23110 Const. Promoter

B1006 Terminator
Trigger B

RFP Target + PAM

pLac

RFP Targeting cgRNA B

B1006 Terminator

J23110 Const. Promoter

P9
3730 bp

Figure A.6: Plasmid map for P9.
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65g g g c t t a c c a t c t g g c c c c a g t g c t g c a a t g a t a c c g c g c g a c c c a c g c t c a c c g g c t c c a g a t t
130t a t c a g c a a t a a a c c a g c c a g c c g g a a g g g c c g a g c g c a g a a g t g g t c c t g c a a c t t t a t c c g c c
195t c c a t c c a g t c t a t t a a t t g t t g c c g g g a a g c t a g a g t a a g t a g t t c g c c a g t t a a t a g t t t g c g
260c a a c g t t g t t g c c a t t g c t a c a g g c a t c g t g g t g t c a c g c t c g t c g t t t g g t a t g g c t t c a t t c a
325g c t c c g g t t c c c a a c g a t c a a g g c g a g t t a c a t g a t c c c c c a t g t t g t g c a a a a a a g c g g t t a g c
390t c c t t c g g t c c t c c g a t c g t t g t c a g a a g t a a g t t g g c c g c a g t g t t a t c a c t c a t g g t t a t g g c
455a g c a c t g c a t a a t t c t c t t a c t g t c a t g c c a t c c g t a a g a t g c t t t t c t g t g a c t g g t g a g t a c t
520c a a c c a a g t c a t t c t g a g a a t a g t g t a t g c g g c g a c c g a g t t g c t c t t g c c c g g c g t c a a t a c g g
585g a t a a t a c c g c g c c a c a t a g c a g a a c t t t a a a a g t g c t c a t c a t t g g a a a a c g t t c t t c g g g g c g
650a a a a c t c t c a a g g a t c t t a c c g c t g t t g a g a t c c a g t t c g a t g t a a c c c a c t c g t g c a c c c a a c t
715g a t c t t c a g c a t c t t t t a c t t t c a c c a g c g t t t c t g g g t g a g c a a a a a c a g g a a g g c a a a a t g c c
780g c a a a a a a g g g a a t a a g g g c g a c a c g g a a a t g t t g a a t a c t c a t a c t c t t c c t t t t t c a a t a t t a
845t t g a a g c a t t t a t c a g g g t t a t t g t c t c a t g a g c g g a t a c a t a t t t g a a t g t a t t t a g a a a a a t a
910a a c a a a t a g g g g t t c c g c g c a c a t t t c c c c g a a a a g t g c c a c c t g a c g t c t a a g a a a c c a t t a t t
975a t c a t g a c a t t a a c c t a t a a a a a t a g g c g t a t c a c g a g g c a g a a t t t c a g a t a a a a a a a a t c c t t

1040a g c t t t c g c t a a g g a t g a t t t c t g g a a t t c g c g g c c g c t t c t a g a g a c t a g t g g g t c t c a G G A G C
1105A T T A C T C G C A T C C A T T C T C A G G C T G T C T C G T C T C G T C T C g A A T T C G T G G T A G G A G A T C T G A A A C A
1170T G A C G A G C T G G T G A G C A T A A G G A G A A T T G T G A G C G G A T A A C A A T T G A C A T T G T G A G C G G A T A A C A
1235A G A T A C T G A G C A C A A A C T T T C A G T T T A G C G G T C T G T T T T A G A G C T A G T C G T T A C C T T A T C A A T A T
1300C A A C C T C C G C A T A C A C T A G C A A G T T A A A A T A A G G C T A G T C C G T T A T C A A C T T G C A C A T A G G A C C C
1365A A C A T G C C A A C A G A G A A G A G T T A A G T G G C A C C G A G T C G G T G C T T T T T T T a a a a a a a a a c c c c g c c
1430c c t g a c a g g g c g g g g t t t t t t t t G C G C T A T C A G T T G A C A C A G T G A A G C T T G G G C C C G A A C A A A A A
1495C T C a t c t c a g a a g a g g a t c t g a a t a g c g c c g t c g a c c a t c a t c a t c a t c a t c a t t g a g t t t a a a c
1560g g t c t c c a g c t t g g c t g t t t t g g c g g a t g a g a g a a g a t t t t c a g c c t g a t a c a g a t t a a a t c a g a
1625a c g c a g a a g c g g t c t g a t a a a a c a g a a t t t g c c t g g c g g c a g t a g c g c g g t g g t c c c a c c t g a c c
1690c c a t g c c g a a c t c a g a a g t g a a a c g c c g t a g c g c c g a t g g t a g t g t g g g g t c t c c c c a t g c g a g a
1755g t a g g g a a c t g c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t G G G C C T T T C G T T T T A
1820T C T G T T G T T T G T C G G T G A A C T G G A T C C T T A C T C G A G T C T A G G C A C T G A A G G T C C T C A A T C G C A C T
1885G G A A A C A T C A A G G T C G G A A T T C G T G G T A G G A G A T C T G C A T A A G G A G t t t a c g g c t a g c t c a g t c c
1950t a g g t a c a a t g c t a g c c c c A G A C C G C T A A A C T G A A A G T T A A C T C T T C T C T G T T G G C A T G T T G G G T
2015C C T A T G T G C G T G T A T G C G G A G G T T G A T A T T G A T A A G G T A A C G A C a a a a a a a a a c c c c g c c c c t g a
2080c a g g g c g g g g t t t t t t t t C T A C A C C C T T C T A A C A A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c
2145a g t c g a a a g a c t g g g c c t t t c g t t t t a t c t g t t g t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c
2210a c t g g c t c a c c t t c g g g t g g g c c t t t c t g c g t t t a t a G G A T C C T T A C T C G A G T C T A G C T G A C C T C
2275C T G C C A G C A A T A G T A A G A C A A C A C G C A A A G T C G A A T T C G T G G T A G G A G A T C T G C A T A A G G A G t t t
2340a c g g c t a g c t c a g t c c t a g g t a c a a t g c t a g c c c c A A T T C T T G T T G A A T T A G A T G A G G G T A A A G G
2405A A G A G G A A G G T T T G T A A A G G G T G T T C T G G A A G G G A C T T G G A A T T G A A C C G G C G T A A G G T G a a a a a
2470a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t C T A C A C C C T T C T A A C A A C T C c c a g g c a t c a a
2535a t a a a a c g a a a g g c t c a g t c g a a a g a c t g g g c c t t t c g t t t t a t c t g t t g t t t g t c g g t g a a c g c
2600t c t c t a c t a g a g t c a c a c t g g c t c a c c t t c g g g t g g g c c t t t c t g c g t t t a t a G G A T C C T T A C T C
2665G A G T C T A G G G G G T C T C T G C T T C C A G G A T A C A T A G A T T A C C A C A A C T C C G A G C C C T T C C A C C t g c c
2730a g a g a c c t a c t a g t a g c g g c c g c t g c a g g c t t c c t c g c t c a c t g a c t c g c t g c g c t c g g t c g t t c
2795g g c t g c g g c g a g c g g t a t c a g c t c a c t c a a a g g c g g t a a t a c g g t t a t c c a c a g a a t c a g g g g a t
2860a a c g c a g g a a a g a a c a t g t g a g c a a a a g g c c a g c a a a a g g c c a g g a a c c g t a a a a a g g c c g c g t t
2925g c t g g c g t t t t t c c a c a g g c t c c g c c c c c c t g a c g a g c a t c a c a a a a a t c g a c g c t c a a g t c a g a
2990g g t g g c g a a a c c c g a c a g g a c t a t a a a g a t a c c a g g c g t t t c c c c c t g g a a g c t c c c t c g t g c g c
3055t c t c c t g t t c c g a c c c t g c c g c t t a c c g g a t a c c t g t c c g c c t t t c t c c c t t c g g g a a g c g t g g c
3120g c t t t c t c a t a g c t c a c g c t g t a g g t a t c t c a g t t c g g t g t a g g t c g t t c g c t c c a a g c t g g g c t
3185g t g t g c a c g a a c c c c c c g t t c a g c c c g a c c g c t g c g c c t t a t c c g g t a a c t a t c g t c t t g a g t c c
3250a a c c c g g t a a g a c a c g a c t t a t c g c c a c t g g c a g c a g c c a c t g g t a a c a g g a t t a g c a g a g c g a g
3315g t a t g t a g g c g g t g c t a c a g a g t t c t t g a a g t g g t g g c c t a a c t a c g g c t a c a c t a g a a g a a c a g
3380t a t t t g g t a t c t g c g c t c t g c t g a a g c c a g t t a c c t t c g g a a a a a g a g t t g g t a g c t c t t g a t c c
3445g g c a a a c a a a c c a c c g c t g g t a g c g g t g g t t t t t t t g t t t g c a a g c a g c a g a t t a c g c g c a g a a a
3510a a a a g g a t c t c a a g a a g a t c c t t t g a t c t t t t c t a c g g g g t c t g a c g c t c a g t g g a a c g a a a a c t
3575c a c g t t a a g g g a t t t t g g t c a t g a g a t t a t c a a a a a g g a t c t t c a c c t a g a t c c t t t t a a a t t a a
3640a a a t g a a g t t t t a a a t c a a t c t a a a g t a t a t a t g a g t a a a c t t g g t c t g a c a g t t a c c a a t g c t t
3705a a t c a g t g a g g c a c c t a t c t c a g c g a t c t g t c t a t t t c g t t c a t c c a t a g t t g c c t g a c t c c c c g
3730t c g t g t a g a t a a c t a c g a t a c g g g a

Figure A.7: Annotated plasmid sequence for P9.
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pLuxB
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RFP targeting cgRNA B
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Figure A.8: Plasmid map for P7.
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65t a c c a t c t g g c c c c a g t g c t g c a a t g a t a c c g c g c g a c c c a c g c t c a c c g g c t c c a g a t t t a t c a
130g c a a t a a a c c a g c c a g c c g g a a g g g c c g a g c g c a g a a g t g g t c c t g c a a c t t t a t c c g c c t c c a t
195c c a g t c t a t t a a t t g t t g c c g g g a a g c t a g a g t a a g t a g t t c g c c a g t t a a t a g t t t g c g c a a c g
260t t g t t g c c a t t g c t a c a g g c a t c g t g g t g t c a c g c t c g t c g t t t g g t a t g g c t t c a t t c a g c t c c
325g g t t c c c a a c g a t c a a g g c g a g t t a c a t g a t c c c c c a t g t t g t g c a a a a a a g c g g t t a g c t c c t t
390c g g t c c t c c g a t c g t t g t c a g a a g t a a g t t g g c c g c a g t g t t a t c a c t c a t g g t t a t g g c a g c a c
455t g c a t a a t t c t c t t a c t g t c a t g c c a t c c g t a a g a t g c t t t t c t g t g a c t g g t g a g t a c t c a a c c
520a a g t c a t t c t g a g a a t a g t g t a t g c g g c g a c c g a g t t g c t c t t g c c c g g c g t c a a t a c g g g a t a a
585t a c c g c g c c a c a t a g c a g a a c t t t a a a a g t g c t c a t c a t t g g a a a a c g t t c t t c g g g g c g a a a a c
650t c t c a a g g a t c t t a c c g c t g t t g a g a t c c a g t t c g a t g t a a c c c a c t c g t g c a c c c a a c t g a t c t
715t c a g c a t c t t t t a c t t t c a c c a g c g t t t c t g g g t g a g c a a a a a c a g g a a g g c a a a a t g c c g c a a a
780a a a g g g a a t a a g g g c g a c a c g g a a a t g t t g a a t a c t c a t a c t c t t c c t t t t t c a a t a t t a t t g a a
845g c a t t t a t c a g g g t t a t t g t c t c a t g a g c g g a t a c a t a t t t g a a t g t a t t t a g a a a a a t a a a c a a
910a t a g g g g t t c c g c g c a c a t t t c c c c g a a a a g t g c c a c c t g a c g t c t a a g a a a c c a t t a t t a t c a t
975g a c a t t a a c c t a t a a a a a t a g g c g t a t c a c g a g g c a g a a t t t c a g a t a a a a a a a a t c c t t a g c t t

1040t c g c t a a g g a t g a t t t c t g g a a t t c g c g g c c g c t t c t a g a g a c t a g t G C A T T A C T C G C A T C C A T T
1105C T C A G G C T G T C T C G T C T C G T C T C g A A T T C G T G G T A G G A G A T C T G A A A C A T G A C G A G C T G G T G A G C
1170A T A A G G A G A C C T G T A G G A T C G T A C A G G T T T A C G C A A G A A A A T G G T T T G T T A C A G T C G A A T A A A c c
1235c A A T T C T T G T T G A A T T A G A T G A A C T T T C A G T T T A G C G G T C T G T T T T A G A G C T A G T C G T T A C C T T A
1300T C A A T A T C A A C C T C C G C A T A C A C T A G C A A G T T A A A A T A A G G C T A G T C C G T T A T C A A C T T G C A C A T
1365A G G A C C C A A C A T G C C A A C A G A G A A G A G T T A A G T G G C A C C G A G T C G G T G C T T T T T T T a a a a a a a a a
1430c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t G C G C T A T C A G T T G A C A C A G T G A A G C T T G G G C C C G A
1495A C A A A A A C T C a t c t c a g a a g a g g a t c t g a a t a g c g c c g t c g a c c a t c a t c a t c a t c a t c a t t g a g
1560t t t a a a c g g t c t c c a g c t t g g c t g t t t t g g c g g a t g a g a g a a g a t t t t c a g c c t g a t a c a g a t t a
1625a a t c a g a a c g c a g a a g c g g t c t g a t a a a a c a g a a t t t g c c t g g c g g c a g t a g c g c g g t g g t c c c a
1690c c t g a c c c c a t g c c g a a c t c a g a a g t g a a a c g c c g t a g c g c c g a t g g t a g t g t g g g g t c t c c c c a
1755t g c g a g a g t a g g g a a c t g c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t G G G C C T T T
1820C G T T T T A T C T G T T G T T T G T C G G T G A A C T G G A T C C G C A C T G A A G G T C C T C A A T C G C A C T G G A A A C A
1885T C A A G G T C G g A A T T C G T G G T A G G A G A T C T G C A T A A G G A G C C C T T T G T G C G T C C A A A C G G A C G C A C
1950G G C G C T C T A A A G C G G G T C G C G A T C T T T C A G A T T C G C T C C T C G C G C T T T C A G T C T T T G T T T T G G C G
2015C A T G T C G T T A T C G C A A A A C C G C T G C A C A C T T T T G C G C G A C A T G C T C T G A T C C C C C T C A T C T G G G G
2080G G G C C T A T C T G A G G G A A T T T C C G A T C C G G C T C G C C T G A A C C A T T C T G C T T T C C A C G A A C T T G A A A
2145A C G C T A A C T C T T C T C T G T T G G C A T G T T G G G T C C T A T G T G C G T G T A T G C G G A G G T T G A T A T T G A T A
2210A G G T A A C G A C a a a a a a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t t t C T A C A C C C T T C T A A C A
2275A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t g g g c c t t t c g t t t t a t c t g t t g
2340t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c a c t g g c t c a c c t t c g g g t g g g c c t t t c t g c g t t t
2405a t a G G A T C C C C A G G A T A C A T A G A T T A C C A C A A C T C C G A G C C C T T C C A C C c c t a c t a g t a g c g g c c
2470g c t g c a g g c t t c c t c g c t c a c t g a c t c g c t g c g c t c g g t c g t t c g g c t g c g g c g a g c g g t a t c a g
2535c t c a c t c a a a g g c g g t a a t a c g g t t a t c c a c a g a a t c a g g g g a t a a c g c a g g a a a g a a c a t g t g a
2600g c a a a a g g c c a g c a a a a g g c c a g g a a c c g t a a a a a g g c c g c g t t g c t g g c g t t t t t c c a c a g g c t
2665c c g c c c c c c t g a c g a g c a t c a c a a a a a t c g a c g c t c a a g t c a g a g g t g g c g a a a c c c g a c a g g a c
2730t a t a a a g a t a c c a g g c g t t t c c c c c t g g a a g c t c c c t c g t g c g c t c t c c t g t t c c g a c c c t g c c g
2795c t t a c c g g a t a c c t g t c c g c c t t t c t c c c t t c g g g a a g c g t g g c g c t t t c t c a t a g c t c a c g c t g
2860t a g g t a t c t c a g t t c g g t g t a g g t c g t t c g c t c c a a g c t g g g c t g t g t g c a c g a a c c c c c c g t t c
2925a g c c c g a c c g c t g c g c c t t a t c c g g t a a c t a t c g t c t t g a g t c c a a c c c g g t a a g a c a c g a c t t a
2990t c g c c a c t g g c a g c a g c c a c t g g t a a c a g g a t t a g c a g a g c g a g g t a t g t a g g c g g t g c t a c a g a
3055g t t c t t g a a g t g g t g g c c t a a c t a c g g c t a c a c t a g a a g a a c a g t a t t t g g t a t c t g c g c t c t g c
3120t g a a g c c a g t t a c c t t c g g a a a a a g a g t t g g t a g c t c t t g a t c c g g c a a a c a a a c c a c c g c t g g t
3185a g c g g t g g t t t t t t t g t t t g c a a g c a g c a g a t t a c g c g c a g a a a a a a a g g a t c t c a a g a a g a t c c
3250t t t g a t c t t t t c t a c g g g g t c t g a c g c t c a g t g g a a c g a a a a c t c a c g t t a a g g g a t t t t g g t c a
3315t g a g a t t a t c a a a a a g g a t c t t c a c c t a g a t c c t t t t a a a t t a a a a a t g a a g t t t t a a a t c a a t c
3380t a a a g t a t a t a t g a g t a a a c t t g g t c t g a c a g t t a c c a a t g c t t a a t c a g t g a g g c a c c t a t c t c
3445a g c g a t c t g t c t a t t t c g t t c a t c c a t a g t t g c c t g a c t c c c c g t c g t g t a g a t a a c t a c g a t a c
3454g g g a g g g c t

Figure A.9: Annotated plasmid sequence for P7.
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B1006 Terminator
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B1006 Terminator

P8
4542 bp

Figure A.10: Plasmid map for P8.
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65G A A A T T G G T G G T T G A T A A G C G A G G C C G C C C G A C T G A T A C G T T G A T T T T C C A A G T T G A A C T A G A T A
130G A C A A A T G G A T C T C G T A A C C G A A C T T G A G A A C A A C C A G A T A A A A A T G A A T G G T G A C A A A A T A C C A
195A C A A C C A T T A C A T C A G A T T C C T A C C T A C G T A A C G G A C T A A G A A A A A C A C T A C A C G A T G C T T T A A C
260T G C A A A A A T T C A G C T C A C C A G T T T T G A G G C A A A A T T T T T G A G T G A C A T G C A A A G T A A G C A T G A T C
325T C A A T G G T T C G T T C T C A T G G C T C A C G C A A A A A C A A C G A A C C A C A C T A G A G A A C A T A C T G G C T A A A
390T A C G G A A G G A T C T G A G G T T C T T A T G G C T C T T G T A T C T A T C A G T G A A G C A T C A A G A C T A A C A A A C A
455A A A G T A G A A C A A C T G T T C A C C G T T A G A T A T C A A A G G G A A A A C T G T C C A T A T G C A C A G A T G A A A A C
520G G T G T A A A A A A G A T A G A T A C A T C A G A G C T T T T A C G A G T T T T T G G T G C A T T T A A A G C T G T T C A C C A
585T G A A C A G A T C G A C A A T G T A A C t a c t a g a g c t a a a t a c a t t c a a a t a t c t a t c c g c t c a t g a g a c a
650a t a a c c c t g a t a a a t g c t t c a a t a a t a t t g a a a a a g g a a g a a t A T G A G T G A A A A A G T G C C C G C C G
715A G A T T T C G G T G C A A C T A T C A C A A G C A C T C A A C G T C A T C G G G C G C C A C T T G G A G T C G A C G T T G C T G
780G C C G T G C A T T T G T A C G G C T C C G C A C T G G A T G G C G G A T T G A A A C C G T A C A G T G A T A T T G A T T T G C T
845G G T G A C T G T A G C T G C A C C G C T C A A T G A T G C C G T G C G G C A A G C C C T G C T C G T C G A T C T C T T G G A G G
910T T T C A G C T T C C C C T G G C C A A A A C A A G G C A C T C C G C G C C T T G G A A G T G A C C A T C G T C G T G C A C A G T
975G A C A T C G T A C C T T G G C G T T A T C C G G C C A G G C G G G A A C T G C A G T T C G G A G A G T G G C A G C G C A A A G A

1040C A T C C T T G C G G G C A T C T T C G A G C C C G C C A C A A C C G A T T C T G A C T T G G C G A T T C T G C T A A C A A A G G
1105C A A A G C A A C A T A G C G T C G T C T T G G C A G G T T C A G C A G C G A A G G A T C T C T T C A G C T C A G T C C C A G A A
1170A G C G A T C T A T T C A A G G C A C T G G C C G A T A C T C T G A A G C T A T G G A A C T C G C C G C C A G A T T G G G C G G G
1235C G A T G A G C G G A A T G T A G T G C T T A C T T T G T C T C G T A T C T G G T A C A C C G C A G C A A C C G G C A A G A T C G
1300C G C C A A A G G A T G T T G C T G C C A C T T G G G C A A T G G C A C G C T T G C C A G C T C A A C A T C A G C C C A T C C T G
1365T T G A A T G C C A A G C G G G C T T A T C T T G G G C A A G A A G A A G A T T A T T T G C C C G C T C G T G C G G A T C A G G T
1430G G C G G C G C T C A T T A A A T T C G T G A A G T A T G A A G C A G T T A A A C T G C T T G G T G C C A G C C A A T G A t a a t
1495a c t a g c t c c g g c a a a a a a a c g g g c a a g g t g t c a c c a c c c t g c c c t t t t t c t t t a a a a c c g a a a a g
1560a t t a c t t c g c g a a a t a g g c g t a t c a c g a g g c a g a a t t t c a g a t a a a a a a a a t c c t t a g c t t t c g c
1625t a a g g a t g a t t t c t g g a a t t c g c g g c c g c t t c t a g a g a c t a g t g g C A T T A C T C G C A T C C A T T C T C
1690A G G C T G T C T C G T C T C G T C T C g A A T T C G T G G T A G G A G A T C T G A A A C A T G A C G A G C T G G T G A G C A T A
1755A G G A G T G T T G A C A A T T A A T C A T C G G C T C G T A T A A T G T G T G G A A T T G T G A G C G C T C A C A A T T c c c A
1820G A C C G C T A A A C T G A A A G T T C A T C T A A T T C A A C A A G A A T T G T T T T A G A G C T A C A C C T T A C G C C G G T
1885T C A A T T C C A A G T C C C T T C C A G T A G C A A G T T A A A A T A A G G C T A G T C C G T T A T C A A C T T A A C A C C C T
1950T T A C A A A C C T T C C T C T T C C T T T A C C C T A A G T G G C A C C G A G T C G G T G C T T T T T T T a a a a a a a a a c c
2015c c g c c c c t g a c a g g g c g g g g t t t t t t t t G C G C T A T C A G T T G A C A C A G T G A A G C T T G G G C C C G A A C
2080A A A A A C T C a t c t c a g a a g a g g a t c t g a a t a g c g c c g t c g a c c a t c a t c a t c a t c a t c a t t g a g t t
2145t a a a c g g t c t c c a g c t t g g c t g t t t t g g c g g a t g a g a g a a g a t t t t c a g c c t g a t a c a g a t t a a a
2210t c a g a a c g c a g a a g c g g t c t g a t a a a a c a g a a t t t g c c t g g c g g c a g t a g c g c g g t g g t c c c a c c
2275t g a c c c c a t g c c g a a c t c a g a a g t g a a a c g c c g t a g c g c c g a t g g t a g t g t g g g g t c t c c c c a t g
2340c g a g a g t a g g g a a c t g c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t G G G C C T T T C G
2405T T T T A T C T G T T G T T T G T C G G T G A A C T G G A T C C G C A C T G A A G G T C C T C A A T C G C A C T G G A A A C A T C
2470A A G G T C G g A A T T C G T G G T A G G A G A T C T G C A T A A G G A G G G G G C C T C G C T T G G G T T A T T G C T G G T G C
2535C C G G C C G G G C G C A A T A T T C A T G T T G A T G A T T T A T T A T A T A T C G A G T G G T G T A T T T A T T T A T A T T G
2600T T T G C T C C G T T A C C G T T A T T A A C A G G G T A A A G G A A G A G G A A G G T T T G T A A A G G G T G T T C T G G A A G
2665G G A C T T G G A A T T G A A C C G G C G T A A G G T G a a a a a a a a a c c c c g c c c c t g a c a g g g c g g g g t t t t t t
2730t t C T A C A C C C T T C T A A C A A C T C c c a g g c a t c a a a t a a a a c g a a a g g c t c a g t c g a a a g a c t g g g c
2795c t t t c g t t t t a t c t g t t g t t t g t c g g t g a a c g c t c t c t a c t a g a g t c a c a c t g g c t c a c c t t c g g
2860g t g g g c c t t t c t g c g t t t a t a G G A T C C C C A G G A T A C A T A G A T T A C C A C A A C T C C G A G C C C T T C C A
2925C C t a c t a g t a g c g g c c g c t g c a g t c c g g c a a a a a a g g g c a a g g t g t c a c c a c c c t g c c c t t t t t c
2990t t t a a a a c c g a a a a g a t t a c t t c g c g t t a t g c a g g c t t c c t c g c t c a c t g a c t c g c t g c g c t c g g
3055t c g t t c g g c t g c g g c g a g c g g t a t c a g c t c a c t c a a a g g c g g t a a t t c t g c t a g a g C T G T C A G A C
3120C A A G T T T A C G A G C T C G C T T G G A C T C C T G T T G A T A G A T C C A G T A A T G A C C T C A G A A C T C C A T C T G G
3185A T T T G T T C A G A A C G C T C G G T T G C C G C C G G G C G T T T T T T A T T G G T G A G A A T C C A A G C A C T A G G G A C
3250A G T A A G A C G G G T A A G C C T G T T G A T G A T A C C G C T G C C T T A C T G G G T G C A T T A G C C A G T C T G A A T G A
3315C C T G T C A C G G G A T A A T C C G A A G T G G T C A G A C T G G A A A A T C A G A G G G C A G G A A C T G C T G A A C A G C A
3380A A A A G T C A G A T A G C A C C A C A T A G C A G A C C C G C C A T A A A A C G C C C T G A G A A G C C C G T G A C G G G C T T
3445T T C T T G T A T T A T G G G T A G T T T C C T T G C A T G A A T C C A T A A A A G G C G C C T G T A G T G C C A T T T A C C C C
3510C A T T C A C T G C C A G A G C C G T G A G C G C A G C G A A C T G A A T G T C A C G A A A A A G A C A G C G A C T C A G G T G C
3575C T G A T G G T C G G A G A C A A A A G G A A T A T T C A G C G A T T T G C C C G A G C T T G C G A G G G T G C T A C T T A A G C
3640C T T T A G G G T T T T A A G G T C T G T T T T G T A G A G G A G C A A A C A G C G T T T G C G A C A T C C T T T T G T A A T A C
3705T G C G G A A C T G A C T A A A G T A G T G A G T T A T A C A C A G G G C T G G G A T C T A T T C T T T T T A T C T T T T T T T A
3770T T C T T T C T T T A T T C T A T A A A T T A T A A C C A C T T G A A T A T A A A C A A A A A A A A C A C A C A A A G G T C T A G
3835C G G A A T T T A C A G A G G G T C T A G C A G A A T T T A C A A G T T T T C C A G C A A A G G T C T A G C A G A A T T T A C A G
3900A T A C C C A C A A C T C A A A G G A A A A G G A C A T G T A A T T A T C A T T G A C T A G C C C A T C T C A A T T G G T A T A G
3965T G A T T A A A A T C A C C T A G A C C A A T T G A G A T G T A T G T C T G A A T T A G T T G T T T T C A A A G C A A A T G A A C
4030T A G C G A T T A G T C G C T A T G A C T T A A C G G A G C A T G A A A C C A A G C T A A T T T T A T G C T G T G T G G C A C T A
4095C T C A A C C C C A C G A T T G A A A A C C C T A C A A G G A A A G A A C G G A C G G T A T C G T T C A C T T A T A A C C A A T A
4160C G C T C A G A T G A T G A A C A T C A G T A G G G A A A A T G C T T A T G G T G T A T T A G C T A A A G C A A C C A G A G A G C
4225T G A T G A C G A G A A C T G T G G A A A T C A G G A A T C C T T T G G T T A A A G G C T T T G A G A T T T T C C A G T G G A C A
4290A A C T A T G C C A A G T T C T C A A G C G A A A A A T T A G A A T T A G T T T T T A G T G A A G A G A T A T T G C C T T A T C T
4355T T T C C A G T T A A A A A A A T T C A T A A A A T A T A A T C T G G A A C A T G T T A A G T C T T T T G A A A A C A A A T A C T
4420C T A T G A G G A T T T A T G A G T G G T T A T T A A A A G A A C T A A C A C A A A A G A A A A C T C A C A A G G C A A A T A T A
4485G A G A T T A G C C T T G A T G A A T T T A A G T T C A T G T T A A T G C T T G A A A A T A A C T A C C A T G A G T T T A A A A G
4542G C T T A A C C A A T G G G T T T T G A A A C C A A T A A G T A A A G A T T T A A A C A C T T A C A G C A A T A T

Figure A.11: Annotated plasmid sequence for P8.
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Gibson Overhang

B0012 Terminator

B0010 TerminatorRFP target

B0034 RBSJ23108 Const. Promoter

Gibson Overhang

mRFP

Figure A.12: Linear insert map for genomic incorporation of RFP.

60C A T T A C T C G C A T C C A T T C T C A G G C T G T C T C G T C T C G T C T C T G G T G C A A A A C C T T T C G C C G
120G T A T G G C A T G A T A G C G C C C G G A A G A G A G T C A A T T C A G G G T G G T G A A T T T G A C A G C T A G C T
180C A G T C C T A G G T A T A A T A G A T C T G A A T T C A T T A A A G A G G A G A A A G G T A C C A T G G C G A G T A G
240C G A A G A C G T T A T C A A A G A G T T C A T G C G T T T C A A A G T T C G T A T G G A A G G T T C C G T T A A C G G
300T C A C G A G T T C G A A A T C G A A G G T G A A G G T G A A G G T C G T C C G T A C G A A G G T A C C C A G A C C G C
360T A A A C T G A A A G T T A C C A A A G G T G G T C C G C T G C C G T T C G C T T G G G A C A T C C T G T C C C C G C A
420G T T C C A G T A C G G T T C C A A A G C T T A C G T T A A A C A C C C G G C T G A C A T C C C G G A C T A C C T G A A
480A C T G T C C T T C C C G G A A G G T T T C A A A T G G G A A C G T G T T A T G A A C T T C G A A G A C G G T G G T G T
540T G T T A C C G T T A C C C A G G A C T C C T C C C T G C A A G A C G G T G A G T T C A T C T A C A A A G T T A A A C T
600G C G T G G T A C C A A C T T C C C G T C C G A C G G T C C G G T T A T G C A G A A A A A A A C C A T G G G T T G G G A
660A G C T T C C A C C G A A C G T A T G T A C C C G G A A G A C G G T G C T C T G A A A G G T G A A A T C A A A A T G C G
720T C T G A A A C T G A A A G A C G G T G G T C A C T A C G A C G C T G A A G T T A A A A C C A C C T A C A T G G C T A A
780A A A A C C G G T T C A G C T G C C G G G T G C T T A C A A A A C C G A C A T C A A A C T G G A C A T C A C C T C C C A
840C A A C G A a G A C T A C A C C A T C G T T G A A C A G T A C G A A C G T G C T G A A G G T C G T C A C T C C A C C G G
900T G C T T A A G G A T C C A A A C T C G A G T A A G G A T C T C C A G G C A T C A A A T A A A A C G A A A G G C T C A G
960T C G A A A G A C T G G G C C T T T C G T T T T A T C T G T T G T T T G T C G G T G A A C G C T C T C T A C T A G A G T

1020C A C A C T G G C T C A C C T T C G G G T G G G C C T T T C T G C G T T T A T A c c t a g g g t a c g g g t t t t g c t
1080g c c c g c a a a c G G G C T G T T C T G G T G T T C C A G G A T A C A T A G A T T A C C A C A A C T C C G A G C C C T
1086T C C A C C

Figure A.13: Annotated linear insert sequence for genomic incorporation of RFP.
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A.4 Replicates for thresholding and toggle switches
Replicates are shown for threshold and toggle switch circuit behaviors. The main
text figures based on these replicates were prepared as follows:

• Figures 2.5, 2.6, 2.7: for single circuit in the cell threshold switches, all
fluorescence values are normalized by the IPTG=0𝜇M fluorescence value of
the closed-loop circuit, before calculating the mean and standard deviation
across replicates.

• Figure 2.9: for two threshold switches in the cell, all fluorescence values
are normalized by the IPTG=0𝜇M fluorescence value of the strain with both
closed-loop circuits, before calculating the mean and standard deviation across
replicates.

• Figure 2.12: for the toggle switch circuit, arbitrary fluorescence values were
not normalized, and the mean and standard deviation were calculated from
the raw AFU.
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Single circuit in the cell (cf. Figure 2.5, 2.7)
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Figure A.14: Replicates for two thresholding circuits in a single E. coli cell (cf.
Figure 2.5, 2.7) Threshold switch: IPTG induces cgRNA that transcriptionally
silences trigger, which in turn hybridizes to and disables cgRNA. Open-loop controls
by disrupting transcriptional inhibition (lavender scissors), which provides upper
bound control; and inactivation by hybridization (yellow scissors), which provides
lower bound control.
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Two threshold switch circuits in the cell (cf. Figure 2.9)
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Figure A.15: Replicates for two threshold circuits in a single E. coli cell (cf.
Figure 2.9) Threshold switch: IPTG induces cgRNA that transcriptionally silences
trigger, which in turn hybridizes to and disables cgRNA. Open-loop controls by
disrupting transcriptional inhibition (lavender scissors), which provides upper bound
control; and inactivation by hybridization (yellow scissors), which provides lower
bound control.
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Toggle switch circuits (cf. Figure 2.12)
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Figure A.16: Flow cytometry and time series replicate 1 for toggle switch circuit
in E. coli (cf. Figure 2.12). cgRNAs silences each other to create bi-stable switch,
triggers induced by small molecules disrupt cgRNA activity to actuate switch.
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Figure A.17: Flow cytometry and time series replicate 2 for toggle switch circuit
in E. coli (cf. Figure 2.12). cgRNAs silences each other to create bi-stable switch,
triggers induced by small molecules disrupt cgRNA activity to actuate switch.
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Figure A.18: Flow cytometry and time series replicate 3 for toggle switch circuit
in E. coli (cf. Figure 2.12). cgRNAs silences each other to create bi-stable switch,
triggers induced by small molecules disrupt cgRNA activity to actuate switch.
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Optimization of promoter strength for thresholding switch
Here we show a series of optimization for the promoter strengths of the two constitu-
tive promoters in the system. As the promoter strengths decrease, the two open-loop
circuits collapse into one another. At the lower limit of trigger expression, trigger
activity that differentiates the closed- and 2 open-loop circuits is reduced. As pro-
moter strength increases, the gap between the two open-loop circuits grows larger.
Towards the higher limit of trigger expression, the closed-loop circuit does not
threshold within the range of inducers used in this experiment.

Trigger 1pCon Trigger 2pConcgRNA BpLacpLac

RFP Targeting cgRNA RFP Target GFP Target

Figure A.19: Plasmid layout for testing various promoter strengths for threshold
switch (cf. Figure 2.6). Description for specific plasmids available in Table A.5.

Name Function Trigger 1 Trigger 2

a J23100 plasmids
P9 Closed-loop B D
P10 Open-loop by hybridization D D
P11 Open-loop by transcription D B

b J23105 plasmids
P12 Closed-loop B D
P13 Open-loop by hybridization D D
P14 Open-loop by transcription D B

c J23116 plasmids
P15 Closed-loop B D
P16 Open-loop by hybridization D D
P17 Open-loop by transcription D B

d J23117 plasmids
P18 Closed-loop B D
P19 Open-loop by hybridization D D
P20 Open-loop by transcription D B

Table A.5: Plasmids descriptions for threshold circuit optimization.
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Figure A.20: Replicates for optimization of threshold switch circuit (cf. Figure 2.6).
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A p p e n d i x B

SUPPLEMENTARY INFORMATION FOR CHAPTER 3

B.1 Materials and methods
DNA probe set purification
All probes in the SARS-CoV-2 DNA probe set (Molecular Technologies, 4014/E1052)
were pooled and purified with polyacrylamide gel electrophoresis (PAGE). A 1.5
mm 20% denaturing polyacrylamide 19 cm × 20 cm gel was prepared and run in
1× tris-borate-ethylenediaminetetraacetic acid (EDTA) (TBE) (VWR, 75800-954).
The gel was pre-run at 400 V for 30 min to warm the gel. The DNA probes (1000 𝜇L,
with each probe at 0.5 𝜇M) were mixed 1:1 with denaturing loading buffer consisting
of 88.8% formamide (Ambion, AM9342), 10 mM EDTA (Invitrogen, 15575-038), 2
mM Tris-HCl (pH 7.5) (Invitrogen, 15567027), 62.5 𝜇g/mL bromophenol blue (MP
Biomedicals, 193990), and 62.5 𝜇g/mL xylene cyanol (Bio-Rad, 161-0423), and
heated to 95 ◦C for 5 min. The entire mixture was then immediately loaded into a
single well and run at 400 V for 3.5 h. The gel was unmolded onto a plastic-wrapped
chromatography plate, and the DNA probe band was cut from the gel under a short
wavelength UV shadow, sliced into 0.5 cm × 0.5 cm pieces, and placed in a 50 mL
LoBind tube (Eppendorf, 0030122232). To the gel slices, 15 mL of 0.3 M NaCl
(Promega, V4221) was added, and the tube was inverted end-over-end on a rotary
wheel overnight (> 12 h). The next day, a sterile flip filter (Millipore, SCGP00525)
was used to filter the liquid into a new 50 mL LoBind tube. To the filtered liquid, 35
mL 100% ethanol (Koptec, V1001) and 20 𝜇L molecular biology grade glycogen
(Thermo Scientific, R0561) were added, and the mixture was inverted several times
to mix before incubating overnight at −20 ◦C. The 50 mL tube was then centrifuged
at 4 ◦C for 30 min at 4.5k rcf. The supernatant was carefully removed with a pipet
and discarded, and any remaining liquid was allowed to evaporate for 5 h with a
Kimwipe covering the top of the tube. The pellet was resuspended in 500 𝜇L IDTE
(pH 8.0), and the total probe concentration was determined by 260 nm absorbance
with a NanoDrop spectrophotometer.

Lateral flow device assembly for viral RNA detection
A 25 mm backed nitrocellulose membrane (Cytiva, FF80HP PLUS grade, 10547042)
was adhered onto a polyethylene backing card (McMaster-Carr, 1441T52). A 25 mm
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wicking pad (Cytiva, CF7 grade, 8117-6621) was also adhered onto the backing card
with a 2 mm overlap on top of the nitrocellulose membrane. The wicking pad and
nitrocellulose were then cut to size with a laser cutter (see Figure 3.5 for dimensions
and Figure 3.6 for a photograph of the device). With a P2 pipette, 0.70 𝜇L of an anti-
DNA/RNA capture antibody (0.8 mg/mL) (Abcam, ab256361) was gently spotted
at the test region of the nitrocellulose membrane. The nitrocellulose membrane was
allowed to dry at room temperature for at least 30 min. A paper clip was added to
apply pressure to the junction of the wicking pad and the nitrocellulose membrane
(see Figure 3.6).

For each assay, to prepare 99 𝜇L of Channel 1 solution without the viral sample, the
following reagents were combined in nanopure water in the listed order to reach the
indicated concentration: 1.5% BSA, 4× SSC, 0.05% Tween-20, 0.4 U/𝜇L RNase
inhibitor (Promega, N2615), 0.2% dextran sulfate sodium salt, and 5.4 𝜇M of split-
initiator DNA probes. For each assay, to prepare 100 𝜇L of Channel 2 solution, 4
𝜇L each of DIG-labeled HCR hairpins h1 and h2 (Molecular Instruments; B3-DIG)
were separately snap-cooled (with h1 and h2 in separate tubes) by heating to 95 ◦C
for 90 sec followed by cooling at room temperature for 30 min; to 92 𝜇L Channel 2
buffer, which consisted of 0.217% dextran sulfate sodium salt in 5× SSC with 0.1%
Tween-20, 4 𝜇L each of snap-cooled DIG-labeled HCR hairpins h1 and h2 were
added, and the solution was mixed by pipetting up and down and placed in a well
(Channel 2 well) of a 96-well plate (Greiner Bio-One, 655901). For h1-only assays
run without HCR hairpin h2, 4 𝜇L HCR hairpin buffer was instead added (Molecular
Technologies). For each assay, 4 𝜇L CB-labeled anti-DIG reporter antibody was
added to a microcentrifuge tube on ice and continuously sonicated (cycle 1.0) for 60
sec at 40% amplitude with an ultrasonic processor; 100 𝜇L of Channel 3 solution
was created by adding 4 𝜇L freshly sonicated CB-labeled anti-DIG reporter antibody
to the following reagents in nanopure water in the listed order to reach the indicated
concentration: 0.35% BSA, 5× SSC, and 0.1% Tween-20, and the solution was
mixed by pipetting up and down and placed in a well of a 96-well plate (Channel 3
well) right proximal to the Channel 2 well.

Performing a viral RNA detection test
Gamma-irradiated SARS-CoV-2 (BEI Resources, NR-52287) or synthetic genomic
RNA from 229E (American Type Culture Collection, VR-740D) or HKU1 (Amer-
ican Type Culture Collection, VR-3262SD) coronaviruses was diluted as needed
in nanopure water at 100× the target concentration for the test. To create 100 𝜇L
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of Channel 1 solution including the viral sample, 1𝜇L of the diluted 100× viral
stock was added to 99𝜇L of Channel 1 solution and was mixed by pipetting up
and down. Gamma-irradiated SARS-CoV-2 was quantified by BEI Resources via
droplet digital PCR. This solution was incubated at 65 ◦C for 15 min on a heat block
and transferred to a well of a 96-well plate (Channel 1 well) left-proximal to the
Channel 2 well. To start the lateral flow assay, the ends of the three nitrocellulose
channels (Channel 1, Channel 2, Channel 3) were simultaneously submerged in their
respective wells in the 96-well plate. After 90 min, the test strip was placed in a
17-inch light tent (Angler, CT-DSLEDII) at maximum light intensity with a white
background and photographed with a camera (Panasonic GH4) equipped with a 60
mm macro lens (Olympus, V312010BU000) with the following settings: 1/4000
sec shutter speed, 200 ISO, f/2.8 aperture, and neutral white balance.

Measurement of HCR signal gain using DIG-labeled HCR hairpins and CB-
labeled anti-DIG reporter antibodies
To calculate the HCR amplification gain, we performed 𝑁 = 3 replicate lateral flow
assays for each of two types of experiment:

• Amplified experiment (h1 and h2): used both HCR hairpins (DIG-labeled
h1 and DIG-labeled h2) in Channel 2 so that each HCR initiator labeling
an anti-N antibody captured at the test line can trigger polymerization of a
tethered DIG-decorated amplification polymer, which could then be bound by
multiple CB-labeled anti-DIG reporter antibodies from Channel 3.

• Unamplified experiment (h1 only): used only HCR hairpin h1 (DIG-labeled
h1) so that HCR polymerization cannot proceed and each HCR initiator label-
ing an anti-N antibody captured at the test line can bind only one DIG-labeled
h1 hairpin, which could then be bound by one CB-labeled anti-DIG reporter
antibody from Channel 3.

Gamma-irradiated SARS-CoV-2 was spiked into extraction buffer to a final con-
centration of 5,000 copies/𝜇L and the test was run and photographed according to
Section B.1. Images were converted to grayscale and the HCR amplification gain
was then calculated as the ratio of amplified to unamplified intensities as described
in Schulte et al. [117]. Ideally, the amplification gain would match the mean polymer
length, corresponding to a situation in which a reporter antibody is binding to each
hairpin within an amplification polymer.
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B.2 Replicates for amplified HCR lateral flow assay
Replicates for viral RNA detection of SARS-CoV-2.

50 100 200 500 1,000

Replicate 1

Replicate 2

Replicate 3

Gamma-irradiated virus copies/µL

Figure B.1: Sensitivity of amplified HCR lateral flow assay (cf. Figure 3.7).
Following the methods of Section B.1, gamma-irradiated SARS-CoV-2 was spiked
into extraction buffer with DNA probes and heated at 65 ◦C for 15 min; this solution
was added to the Channel 1 well in a 96-well plate and the ends of the three
nitrocellulose channels (Channel 1, Channel 2, Channel 3) were simultaneously
submerged in their respective wells in the 96-well plate to start the test. The test line
was photographed after 90 min. 𝑁 = 3 replicate assays at each target concentration.
The test line is visible in all three replicates down to a limit of detection of 200
copies/𝜇L.
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Figure B.2: Background and cross-reactivity of amplified HCR lateral flow assay
(cf. Figure 3.8). Following the methods of Section B.1, no virus (to measure
background) or off-target synthetic RNA genomes from coronaviruses 229E or
HKU1 (to test cross-reactivity) were spiked into extraction buffer with DNA probes
and heated at 65 ◦C for 15 min; this solution was added to the Channel 1 well in a
96-well plate and the ends of the three nitrocellulose channels (Channel 1, Channel
2, Channel 3) were simultaneously submerged in their respective wells in the 96-
well plate to start the test. For the cross-reactivity tests, the off-target viral RNA
genomes were spiked in at high concentration (7,200 copies/𝜇L for 229E and 10,000
copies/𝜇L for HKU1). The test line was photographed after 90 min. 𝑁 = 3 replicate
assays at each target concentration. For each target type, no staining was visible at
the test line for all three replicates, indicating that there is no visible background
when SARS-CoV-2 is absent, and no visible cross-reactivity with off-target 229E or
HKU1 coronavirus RNA genomes.
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Figure B.3: Measurement of HCR amplification gain in the context of a lateral
flow assay for viral RNA detection (cf. Figure 3.9). Following the methods of
Section B.1, two types of experiment are compared: amplified assays (using both
h1 and h2, so that HCR polymerization can proceed) vs unamplified assays (using
h1 only, permitting only a single h1 binding event with no polymerization due to the
absence of h2). Gamma-irradiated virus was spiked into extraction buffer at 5000
copies/𝜇L for all tests. 𝑁 = 3 replicate assays for each condition. (a) Raw images.
(b) Images after conversion to grayscale. Quantitative image analysis following the
methods of Schulte et al. [117] using the depicted signal boxes (solid boundary) and
background boxes (dashed boundary).
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