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SUMMARY

Inexpensive and field-deployable diagnostics that can detect and characterize
different analyte concentrations at the point of care have the potential to enable efficient
disease diagnosis and monitoring, leading to better patient outcomes. Cell-free biosensors,
which harness living cells’ sense and response capabilities to accomplish the same
reactions outside of cells, have emerged as an enabling technology to implement point-of-
care diagnostics due to their simplicity, portability, and affordability. To date, numerous
cell-free biosensors have been developed and demonstrated in the field to detect pathogens,
environmental contaminants, and clinically relevant micronutrients. However, critical gaps
in areas of simultaneous detection of multiple analytes (multiplexed detection), point-of-
care analyte quantification, and protein biomarker identification still exist and have limited

the reach of cell-free diagnostics for point-of-care use.

This thesis describes my work in exploring new interfaces to augment current cell-
free biosensor designs and endow them with new sets of analyte detection and
quantification capabilities. Specifically, I developed the first-of-its-kind protocell arrays
system interfacing cell-free biosensors with polymer aqueous two-phase system, enabling
multiplexed detection of analytes spanning multiple molecular classes from a single
sample. | also linked cell-free biosensor outputs with ubiquitous personal glucose monitors
for point-of-care analyte quantification without the need for bulky analytical instruments.
Lastly, I demonstrated that immunoassays detecting protein biomarkers could be coupled
to cell-free biosensors, with emerging applications to enable affordable and accessible

virus subtyping using protein biomarkers. Taken together, this work presents several

Xiv



approaches aiming to address the current limitations in point-of-care cell-free diagnostics
and provides highly generalizable design frameworks for rapid test reconfiguration toward

other analytes.
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CHAPTER 1. INTRODUCTION

Cell-derived biosensors responding to diverse classes of analytes and biomarkers are
promising candidates for use in point-of-care diagnostics. Implementing these biosensors
in cell-free expression systems, which extract the core cellular machinery to accomplish
the same sensing reactions outside of cells, further extends the reach of biosensors to field
deployment due to the simplicity, portability, and affordability of cell-free systems. To
date, numerous cell-free biosensors have been developed in the lab with potential
applications in disease diagnosis and environmental monitoring programs. However,
significant improvements in cell-free biosensor designs are still needed for impactful uses
of these diagnostics in clinical and point-of-care environments. This work explores new
interfaces (polymer aqueous two-phase systems, personal glucose monitors, and
immunoassays) augmenting cell-free biosensor designs to address current shortcomings in
point-of-care analyte detection and unlock the translational potential of cell-free biosensor

diagnostics.

1.1 Bacterial Biosensors for Point-of-Care Diagnostics

Rapid and widely accessible disease diagnosis can be a powerful tool for improving
patient outcomes, informing public health decisions, and efficiently allocating medical
resources. However, current diagnostic tools cannot meet this need: most of them require
extensive sample processing, shipping, and off-site analysis, all of which introduce high
costs and long wait times for results. As seen in the ongoing COVID-19 pandemic, long
wait times and inaccurate test results can frustrate public health policymaking and

contribute to overloaded healthcare systems, resulting in otherwise preventable outbreaks



and deaths. To maximize testing efficiency and best inform clinical care, diagnostic tools
should produce accurate results for all desired biomarkers in a timely manner, ideally at

the testing location.

Bacterial biosensors can meet the need for point-of-care diagnostics. Living cells
have extensive capabilities to sense and respond to diverse classes of analytes, from ions
to small molecules, to nucleic acids, and proteins, via genetic regulators such as

transcription factors and riboregulators.

A transcription factor-based biosensor typically consists of a transcription factor
protein that specifically binds to a biomolecular ligand (or analyte), resulting in a
conformation change in the protein’s DNA binding domain (Figure 1-1)!. This
conformation change alters the transcription factor’s ability to bind to its respective
promoter/operator site, thereby modulating the transcription levels of downstream reporter
genes. Despite the simplicity of the analyte-activated regulation of transcription factors,
bacteria have evolved at least 50 transcription factor families capable of recognizing a wide
variety of analyte classes (amino acids, sugars, metal ions, fatty acids, aromatic
compounds, and antibiotics)!, with emerging applications to global health and
environmental monitoring programs. For analyte detection and quantification, transcription
factor-based biosensors produce differential reporter signal outputs in response to a range
of analyte concentrations. The reporter signal output can then be used to infer the presence
and concentration of analytes without using labor-intensive and expensive analysis
techniques such as high-performance liquid chromatography (HPLC) or inductively
coupled plasma mass spectrometry (ICP-MS), enabling bacterial biosensors to be

implemented in resource-limited environments.
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Figure 1-1 Mechanisms of transcription factor, riboswitch, and toehold switch
biosensors. (A) A representative activator-type transcription factor regulating
reporter transcription. Addition of small molecules alters the protein conformation
of the transcription factor, allowing polymerase recruitment to the promoter site
(Pinduce) for reporter gene transcription (TX) and translation (TL). (B) A
representative cis-acting riboswitch is activated by a small molecule ligand to regulate
translation. Small molecule binding to the riboswitch’s ligand-binding domain
changes the secondary structure of the riboswitch, exposing the ribosome binding site
for reporter protein translation. (C) Toehold switches are de novo designed
riboregulators to activate translation in response to a trans-acting trigger RNA. In
the presence of trigger RNA, the toehold region of the switch RNA preferentially base
pairs with trigger RNA and unwinds the inhibitory hairpin, allowing for downstream
translation of the reporter protein.

In addition to transcription factor-based biosensors, riboregulators (in the form of
riboswitches and toehold switches) have recently emerged as prominent synthetic biology

tools for developing tailormade biosensors. A riboswitch is a regulatory RNA molecule



with a ligand-binding domain (aptamer) that can bind to small molecule analytes?, causing
a secondary structure change that results in downstream reporter protein production.
Analyte-responsive riboswitches may already exist in nature (such as the folate® and
vitamin Bi12* riboswitches), or they can be directly evolved in laboratories to bind new
analytes with user-defined sensitivity and specificity®. Like transcription factor-based
biosensors, riboswitches also produce differential reporter outputs to a range of analyte

concentrations, enabling analyte detection and quantification in resource-limited settings.

For nucleic acid detection, toehold switches have been developed with a toehold-
mediated RNA strand displacement motif to unwind inhibitory hairpin structure blocking
downstream gene translation®. Toehold switches can be designed to detect arbitrary nucleic
acid sequences (or “triggers”) and generate downstream reporter proteins. The
generalizability of the toehold switch design also enabled its rapid adaptation to detect
rapidly emerging infectious diseases’-, accelerating the timeline from test development to

field implementation.

1.2 Cell-Free Expression System Enables Point-of-Care Biosensing

While numerous bacterial biosensors have been developed to detect a wide variety
of analytes'®4, critical challenges in assay portability, turnaround time, and containment
exist to implement cellular biosensors in the field'®. The emergence of cell-free expression
(CFE) systems in the past decade was the critical advance that enabled the field
implementation of biosensor diagnostics. CFE systems harvest the core transcription and
translation machinery from living cells to perform the same biological function in vitro but

with reduced complexity®. A typical CFE reaction consists of only three components: a



cell extract containing gene expression machinery, a reaction buffer optimized for gene
expression, and DNA encoding the genetic program (Figure 1-2). The gene expression
machinery is either derived from purified proteins necessary for gene expression (PURE

systems) or crude lysates harvested from living cells®.

Reaction Plasmid Crude Cell
Mixture DNA Extract

®
©
I
\
gl

Figure 1-2 Schematic of a lysate-based CFE reaction assembled from crude cell
extract, plasmid DNA encoding genetic information to be expressed, and necessary
reaction mixtures (nucleotides, amino acids, salts, and cofactors).

Of the various types of lysate systems developed from different organisms (bacteria,
yeast, wheat germ, insect cells, etc.), Escherichia coli lysate remains the most well-
characterized, fastest to prepare, and cheapest to manufacture®®. A typical method to
harvest E. coli lysate for CFE systems is to grow a strain optimized for production (such
as the BL21 strain family) in a rich-medium (2xYTP) and harvest cells in the mid-
exponential phase. The resulting cell pellets are washed several times in either glutamate-
or acetate-salt buffer and then lysed to extract crude transcription and translation
machinery. Cell lysis can be done via methods including homogenization'®, sonication'’,
and bead-beating®® for low-cost preparations. For all lysis methods, it is critical to precisely
tune the mechanical input to achieve effective cell lysis without denaturing the protein

machinery. To enhance transcriptional activity from endogenous E. coli polymerases,



additional processing steps such as “run-off” reactions and dialysis into a suitable storage

buffer can be performed?®.

Following cell-lysate preparation, a mixture of “energy buffer” mimicking the E. coli
cytoplasmic environment (salts, cofactors, energy source, and crowding agents) along with
the necessary building blocks of protein synthesis (nucleotides and amino acids) are added
to the lysate to complete the CFE reaction®. From here, plasmids or DNA fragments
encoding for gene expression can be added to the CFE reaction and exogenous reaction
additives (such as macromolecular crowders, nuclease inhibitors, or analytes for a

biosensing reaction) for reaction activation or improvement.

Using CFE systems to implement biosensors has several advantages over living cells.
First, CFE systems remove cell growth and survival burdens, eliminating the trade-off
between a cell’s need to proliferate and an engineer’s need to program biological reaction
networks. Furthermore, analytes otherwise toxic to living cells can now be detected in CFE
systems without inhibiting biosensing reactions?. Removing cell growth and cell
membrane also accelerate the response time of biosensing reactions; a CFE system can
generate signal detection response in as quickly as 20 minutes’. Since there is no cell
membrane in CFE systems, transport limitations associated with importing DNA programs
and macromolecular analytes in living cells are eliminated, providing test engineers open
access to precisely design and optimize the reactions. Lastly, compared to whole-cell
biosensors, CFE systems can be easily lyophilized for ambient temperature storage and re-
activated by sample addition to provide results within an hour’, improving test accessibility

and turnaround time at the point of care.



These advances in CFE systems have stimulated the development of numerous CFE
biosensors to detect diverse classes of analytes in resource-limited environments and at the
point of care. Of note, cell-free toehold switch biosensors have been developed to detect
infectious viruses’® and pathogenic bacteria®. Transcription factor-based sensing networks
have also been implemented in CFE systems to detect environmental contaminants?*->* and

essential micronutrients (zinc)?® in the field.

1.3 New Interfaces to Advance Point-of-Care Cell-Free Biosensors

While the number of CFE biosensors designed for point-of-care use has steadily risen
in recent years, key limitations exist in current CFE biosensor designs and have constrained
the translational potential of CFE biosensors'®. Bringing in new interfaces to augment
current CFE biosensors can endow new capabilities in simultaneous detection of diverse
classes of analytes, numerical quantification of analyte concentration in the field, and

protein antigen detection in resource-limited settings.

1.3.1 Polymer aqueous two-phase systems for simultaneous detection of diverse analytes

Current sensing and diagnostic tools, especially those designed for use at the point
of need, typically only detect one type of analyte at a time, which places significant
limitations on the number and the type of tests that can be done on each sample?®. To detect
all relevant analytes, multiple CFE reactions would need to be run in parallel using multiple
aliquots of the sample, introducing handling challenges for onsite testing and collection
challenges for samples that are often only available in small volumes. Existing strategies
for multiplexed testing, which is the simultaneous detection of different analytes from a

single sample, usually require a library of orthogonal reporters, cannot measure analytes



from diverse molecular classes (i.e., both nucleic acid sequences and small molecules), or

cannot be used in minimal-equipment settings6-32,

Arrays of phase-separated biosensors formed by polymer-based aqueous two-phase
systems (ATPS) and CFE reactions have the potential to address current limitations in
point-of-need measurement multiplexing. Mixing two immiscible aqueous polymer
solutions can lead to spontaneous liquid-liquid phase separation, which in appropriate
ratios yields “droplets” in a “bulk phase.” The co-existing polymer phases have different
entropic properties that allow selective partitioning of biomolecules across phases,
enabling selective enrichment, compartmentalization, and reducing unwanted side

reactions3233,

To date, ATPS systems composed of polyethylene glycol (PEG)-dextran polymers
and PEG-Ficoll polymers have already been successfully applied to multiplex enzyme-
linked immunosorbent assays (ELISASs) to minimize antibody crosstalk®+%. By confining
different capture and detection antibodies to phase-separated dextran or Ficoll polymers,
protein antigens added in the PEG bulk phase can partition into the dextran or Ficoll
polymer phases and bind to their respective capture and detection antibody pairs. The
compartmentalization of antibodies in phase-separated polymer environments also enabled
otherwise incompatible antibody pairs to co-exist spatially separated in the same
environment to minimize cross-reactivity. This approach enabled multiplexed ELISAS to
be performed within just one hour of antigen incubation and one wash step to remove

unbound detection antibodies for result interpretation (Figure 1-3)%.
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Figure 1-3 Schematic of multiplexed ATPS-ELISA. Different pairs of capture (solid
antibody symbol) and detection (dashed antibody symbol) antibodies are mixed with
dextran polymer, spotted onto their designated locations inside the microwell, and
dried overnight. For antigen detection, the bulk phase polymer (PEG) containing the
protein sample is added to the microwell. After a period of incubation and removal
of unbound antibodies, different proteins in the same sample can be detected by
tracking which microwell location produced the signal.

Studies have shown that similar partitioning and compartmentalization also occur
for CFE systems placed in polymer ATPS environment3”8, However, these efforts have
focused on using polymer ATPS to create protocell-like model systems to study
membrane-less compartmentalization of biochemical reactions for RNA and protein
synthesis and catalysis. We envision that arraying biosensing “protocells” formed by
polymer ATPS with CFE biosensors in a micro-well can enable simultaneous detection of
diverse classes of analytes (from small molecules to nucleic acids and proteins) from just
a single sample, leading to a new class of diagnostic platform that is deployable to the point

of need.

1.3.2 Coupling CFE biosensors with personal glucose monitor for analyte quantification

For many diseases (such as micronutrient deficiencies), the analyte concentration,
rather than its presence or absence, is the basis for diagnosis. However, limited access to
analytical instruments has precluded accurate analyte quantification at the point of care.
Quantitatively measuring analyte concentrations at the point of care can empower patients

and healthcare workers to make faster and better medical choices. This pursuit drives



significant research and industry interest in developing quantitative sensors and electronic

devices that enable rapid, affordable, accessible analyte quantification.

Despite numerous advances in the development of quantitative point-of-care
diagnostics, few portable devices can match the simplicity and robustness of personal
glucose monitors (PGMs)%. Decades of development have made PGMs one of the most
widely used analytical sensing platforms; PGMs are inexpensive, ubiquitous, and
guantitative. Being able to interface PGMs with biosensor outputs (engineering biosensors
to produce glucose in response to analyte concentrations) can enable facile analyte

quantification at the point of care®.

Since PGMs can only detect glucose, the challenge in repurposing PGMs to detect
other analytes is in linking analyte signals to glucose production that the PGM can measure.
The first work to repurpose PGM to quantify non-glucose analytes biomarkers was from
Xiang and Lu®. The authors devised a clever strategy for the analyte-induced release of
the invertase enzyme, which catalyzes the conversion of sucrose to glucose, producing an
analyte dose-modulated signal that can be read on the PGM. In this strategy, the DNA
aptamer-conjugated invertases were immobilized to magnetic beads via DNA strand
hybridization (Figure 1-4), and analyte binding to DNA aptamer released invertases from
the magnetic beads. After removing the magnetic beads from the solution, sucrose is added
to start the conversion to glucose and then measured on the PGM to infer the analyte
concentration. This successful demonstration has stimulated many research efforts toward
applying this strategy to sense a variety of analytes, including mycotoxins, DNA, enzymes,

metal ions, and pathogenic bacteria®.
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Figure 1-4 Schematic of Xiang and Lu’s work“® in repurposing the PGM to detect
analytes other than glucose. DNA-invertase conjugates are first immobilized to
magnetic beads by hybridizing to a portion of the analyte-binding aptamer. The
addition of analytes displaces invertases by competitive binding to the aptamer
sequence. The magnetic beads are then removed via magnetic separation, and the

displaced invertases remain in the solution to convert sucrose into glucose for PGM
measurement.

However, nearly all of these methods require extensive assay processing steps to
load and remove glucose-converting enzymes, which makes such strategies challenging to
implement at the point of need. To this end, using a CFE system and analyte-responsive
biosensing sensing circuit could enable glucose converting enzyme production in situ,
reduce the required assay processing steps to simplify test implementation, and allow

numerical quantification of diverse analytes with digital readouts at the point of care.

1.3.3 Interfacing CFE biosensors with immunoassays for sensitive protein detection
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The vast majority of CFE biosensors are used to detect nucleic acids and small
molecule analytes, with very few used to detect proteins. While aptamers have been used
for cell-free protein detection, evolving suitable protein-binding sequences using methods
such as SELEX is a non-trivial task and must be done for each new protein target*!.
Moreover, when the lab-evolved protein-binding aptamers are placed in the context of CFE
reactions (either in the chemical environment or in gene expression contexts — next to a
promoter, ribosomal binding sites, or reporter proteins), the sensitivity and signal-to-noise

ratio of the aptamer drops significantly and limits their uses for protein detection*?.

The current gold standard for protein detection is immunoassay, which uses
antibodies to recognize specific epitopes of protein targets. To this end, the enzyme-linked
immunosorbent assay (ELISA) has been shown to detect protein analytes with high
specificity and sensitivity. A typical sandwich ELISA requires the protein (antigen) capture
antibodies to be immobilized on a microwell surface first, followed by a wash step to
remove unbound antibodies and a blocking step before the sample containing antigens is
added to a microwell. After a period of incubation, any unbound antigens are washed away
before an enzyme-linked detection antibody is added to the microwell. The detection
antibodies bind to the antigen immobilized on the microwell, and the unbound antibodies
are removed in the subsequent wash step. The enzyme-linked detection antibodies
remaining in the well can now report on the presence and concentration of protein antigen

via enzymatic reactions on chromogenic or chemiluminescent substrates.

Coupling immunoassays to polymerase chain reactions (immuno-PCR) further
improves the sensitivity of protein detection by combining the protein antigen-recognition

capabilities of immunoassays and exponential levels of amplification in PCR reactions. In
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this case, a DNA oligonucleotide-conjugated detection antibody is used in place of an
enzyme-linked detection antibody. The oligonucleotide signal serves as the template for
the subsequent quantitative-PCR amplification step with fluorescent probes, enabling a 10-

to 1000-fold increase in detection sensitivity compared to ELISA*.

The DNA signal can be conjugated onto detection antibodies in various ways. The
initial demonstration of DNA and antibody linkage used the avidin** or streptavidin®®
protein to link biotinylated DNA and antibodies together via the biotin-(strept)avidin
binding affinity (Figure 1-5A). Seminal advances in DNA synthesis and crosslinking
techniques also made direct conjugation of DNA to antibodies easier to produce at scale®.
DNA oligonucleotides can now be functionalized with terminal amine groups, reacting
with an N-hydroxysuccinimidyl (NHS)-ester functionalized antibody to produce antibody-

DNA conjugates (Figure 1-5B)*.
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DNA
O
biotiraj’\

streptavidin - PCR I N
biotin lificati JE S
L amplification ”_\\ﬂ\ f\\”\

g
detection
\ antibody )
B fCovaIent DNA conjugation immuno-PCR \
o DNA (™ R
N J ™
e A — e
N | AN
| PCR WA .
H amplification \JNI\ \”\\U\
_ N
detection
& antibody )

Figure 1-5 Schematic of different approaches linking DNA molecules to detection
antibodies to accomplish immuno-PCR. (A) Biotin-streptavidin mediated assembly of
DNA-antibody conjugate. Biotinylated detection antibodies and DNA are linked
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together via affinity binding to tetrameric streptavidin. (B) Covalent conjugation of
DNA to antibody. DNA functionalized with terminal amine groups reacts with NHS-
ester functionalized detection antibody to form a covalent amide bond, linking DNA
and antibody together.

Rather than using PCR to amplify the DNA signal linked to detection antibodies, a
CFE biosensing system could be used to interpret the genetic signals carried on DNA.
Instead of using direct amplification of DNA as in PCR, CFE systems can amplify genetic
information encoded in conjugated DNA via transcription, translation, and enzymatic
amplification (if an enzymatic reporter is used). Interfacing immunoassays with DNA-
conjugated detection antibodies in a CFE system also allows for signal multiplexing via
genetic circuits. Detection antibodies targeting distinct protein epitopes can be conjugated
to different DNA signals orthogonally activating the expression of their respective reporter

proteins, allowing facile translation to detect and distinguish multiple protein targets.

1.4 Contribution of this Thesis

In this dissertation, | developed methods to couple CFE systems with new interfaces to
address current limitations in point-of-care biosensor diagnostics. | have created the first-
of-its-kind “protocell array” system capable of simultaneous detection of diverse classes
of analytes by embedding biosensors into multiple discretized, phase-separated
“protocells” formed by polymer liquid-liquid phase separations. | have also expanded the
repertoire of field-friendly diagnostics from presence-or-absence reporting to numerical
analyte quantification by coupling biosensor output with a personal glucose monitor.
Lastly, | interfaced immunoassay outputs with a CFE system to enable sensitive and
accessible detection of protein antigens with emerging applications to identify virus

variants near the point of care.
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CHAPTER 2. PROTOCELL ARRAYS FOR SIMULTANEOUS

DETECTION OF DIVERSE ANALYTES

Portions of this chapter are reproduced from my publication “Protocell Arrays for

Simultaneous Detection of Diverse Analytes” in Nature Communications?®.

2.1 Introduction

Simultaneous detection of multiple analytes from a single sample (“multiplexing”),
particularly when done at the point of need, can guide complex decision-making without
increasing the required sample volume or cost per test. Despite recent advances,
multiplexed analyte sensing still typically faces the critical limitation of measuring only
one type of molecule (e.g., small molecules or nucleic acids) per assay platform. Here, we
address this bottleneck with a customizable platform that integrates cell-free expression
(CFE) system with polymer-based aqueous two-phase system (ATPS), producing
membrane-less “protocells” containing transcription and translation machinery used for

detection.

R N

Bulk Bulk
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Figure 2-1 Schematic of the membrane-less protocell array platform for simultaneous
detection of multiple analytes. The use of a spatially patterned array of phase-
separated protocell sensors enables each microwell to provide measurements for
multiple analytes using a single fluorescent or colorimetric reporter. (A) An overhead
view of a microwell with 4 micro-basins. White area surrounding the micro-basins
(yellow-shaded regions) represents the bulk phase formed by a PEG solution
containing the analytes to be detected. Each micro-basin has a protocell containing a
CFE reaction (represented by the microcentrifuge tube) with a different sensor
plasmid or genetic circuit. (B) Side view of a microwell with micro-basins. Analytes
in the bulk phase (blue diamonds) enter protocells to activate their cognate sensor
(blue DNA construct), producing detectable reporter signals. Multiple analytes can
be measured in parallel by tracking which protocell produces reporter signals (green
color on the right).

Mixing two immiscible polymer solutions (polyethylene glycol (PEG) and Ficoll)
at appropriate ratios leads to spontaneous liquid-liquid phase separation, creating Ficoll
droplets in a PEG bulk phase. Adding biological machinery (like that of a CFE reaction)
to the droplets yields what is essentially a membrane-less precursor of a cell (a
“protocell”)®47 with genetic information and the capability to execute complex functions
contained in a small, localized volume. Since many soluble macromolecules such as the
proteins and nucleic acids that enable CFE-based sensing selectively partition from a PEG-
rich phase to the dextran- or Ficoll-rich phase®, the core of distinct biosensing machinery

can stay compartmentalized in each ATPS-formed protocell.

We envision that multiple protocells, each performing a distinct sensing reaction,
could be arrayed in the same microwell to detect chemically diverse targets from the same
sample. For simultaneous detection of target analytes in a single sample, simple
topographical placement of micro-basins inside a microwell can be used for stable
positioning of distinct protocells3+2%48 each containing a different CFE sensor (Figure 2-1).
The addition of a sample solution to the microwell initiates analyte uptake and

compartmentalized detection reactions in multiple isolated membrane-less protocells. We
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envisioned that an array of membrane-less protocell sensors formed by selective
compartmentalization of CFE reactions in ATPS can facilitate simultaneous detection of
multiple analytes beyond just proteins, leading to a new class of protocell array-based
diagnostics that reports on diverse types of analytes, has a high degree of sensor

customizability, and can be used at the point of need.

Toward this goal, here we first assess CFE transcription and translation capabilities
in two protocell-forming polymer ATPS (PEG-Ficoll and PEG-dextran) with an in-house
prepared E. coli lysate. We show that analytes (small molecules and nucleic acids) added
to a microwell containing an array of CFE protocells selectively activate their cognate
sensors confined to distinct protocells with comparable sensitivity to those in non-protocell
CFE reactions. We highlight the utility of this platform for simultaneous, multi-modal
biomarker detection via the detection of clinically relevant targets (e.g., nucleic acids from
pathogenic bacteria and micronutrients) from the same sample and in a human serum
matrix. Only one reporter (green fluorescent protein, GFP) is needed for multiplexed
analyte measurement, which significantly reduces the complexity of test development and
reconfiguration. Protocell arrays also meet key criteria for field-deployable sensors and
diagnostics: we demonstrate that GFP reporters can be easily replaced with color-
producing enzymatic reporters to enable equipment-free test interpretation, and we
demonstrate parallel, simultaneous detection of multiple analytes using protocell arrays
that have been lyophilized for storage at ambient temperature. Taken together, the
presented protocell array platform both expands the reach of CFE biosensors and provides
the foundation to develop advanced, customizable “diagnostic chips” for simultaneous

detection of diverse types of analytes at the point of need.
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2.2 Materials and Methods

2.2.1 Bacterial strains

E. coli strain DH10p was used for all cloning and plasmid preparations. E. coli
strain BL21 Star (DE3) AlaclZYA was created by lambda red recombination*® and used for
in-house cell-free lysate preparation. Genomic DNA from E. coli strains DH10p and BL21
Star (DE3) were used as negative controls for target-specific amplification of Stx1 and
Stx2 triggers. Genomic DNA from B. thetaiotaomicron (ATCC 29148D) and STEC

0157:H7 (ATCC 51657GFP) were used for testing the detection of pathogenic bacteria.

2.2.2  Genetic parts assembly and plasmid preparation

Sequences of all parts used in this study are provided in Appendix A.2 Sequence
Information. DNA oligonucleotides for cloning and sequencing were synthesized by
Eurofins Genomics. Partial sequences for small molecule sensors and toehold switches
were obtained from previously published sequences and were synthesized either as gene
fragments or ssDNA-annealed oligonucleotides from Eurofins Genomics. Plasmids
expressing regulators and reporter proteins were cloned using either Gibson Assembly®° or
blunt end ligation into plasmid backbone pJL1. Assembled constructs were transformed
into DH10B cells, and isolated colonies were grown overnight in LB with antibiotics.
Plasmid DNA from overnight cultures was purified using EZNA miniprep columns
(OMEGA Bio-Tek). Plasmid sequences were verified with Sanger DNA sequencing

(Eurofins Genomics).
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Plasmid DNA used for all CFE and protocell reactions were purified from EZNA
midiprep columns (OMEGA Bio-Tek), followed by isopropanol and ethanol precipitation.
The purified DNA pellet was reconstituted in the elution buffer, measured on a Nanodrop

2000 for concentration, and stored at -20 °C.

Genomic DNA for B. thetaiotaomicron (ATCC 29148D) used for pathogen detection
was purchased from American Type Culture Collection (ATCC). Genomic DNA for STEC
0157:H7 (ATCC 51657GFP) used for pathogen detection was obtained from an overnight
culture grown in tryptic soy broth supplemented with 1% glucose at 37 °C. DNA was
extracted using an Invitrogen PureLink Microbiome DNA Purification Kit (A29790).
Genomic DNA for DH10B and BL21 Star (DE3) were obtained from a 5 mL overnight
culture grown in LB medium and were extracted using Quick-DNA Plus Kit (Zymo

Research) according to the manufacturer’s protocol.

2.2.3 Preparation of in-house CFE lysate

Cellular lysate for all experiments was prepared as described by Sun et al.'8 with a
few protocol modifications. Briefly, BL21 Star (DE3) AlaclZYA cells were grown in
2xYTP medium at 37 °C and 220 rpm to an optical density (OD) between 1.5-2.0,
corresponding to the mid-exponential growth phase. Lysate prepared for toehold switch
expression had an additional IPTG (0.4 mM) induction step when the OD reached 0.4 to
activate expression of T7 RNA polymerase, creating a T7 RNAP-enriched lysate. Cells
were centrifuged at 2700 xg and washed via resuspension with S30A buffer (50 mM tris,
14 mM magnesium glutamate, 60 mM potassium glutamate, 2 mM dithiothreitol, and pH-

corrected to 7.7 with acetic acid). These centrifugation and wash steps were repeated twice
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for a total of three S30A washes. After the final centrifugation, the wet cell mass was
determined, and cells were resuspended in 1 mL of S30A buffer per 1 g of wet cell mass.
The cellular resuspension was divided into 1 mL aliquots. Cells were lysed using a Q125
sonicator (Qsonica) at a frequency of 20 kHz and 50% of amplitude. Cells were sonicated
on ice with cycles of 10 s on and 10 s off, delivering approximately 200-250 J, at which
point the cells appeared visibly lysed. An additional 4 mM dithiothreitol was added to each
tube, and the sonicated mixture was then centrifuged at 12,000 xg and 4°C for 10 min.
After centrifugation, the supernatant was removed, divided into 0.5 mL aliquots, and
incubated at 37 °C and 220 rpm for 80 min. After this runoff reaction, the cellular lysate
was centrifuged at 12,000 xg and 4 °C for 10 min. The supernatant was removed and loaded
into a 10 kDa molecular weight cutoff dialysis cassette (Thermo Fisher). Lysate was
dialyzed in 1 liter of S30B buffer (14 mM magnesium glutamate, 60 mM potassium
glutamate, 1 mM dithiothreitol, and pH-corrected to 8.2 with tris) at 4 °C for 3 hours.
Dialyzed lysate was removed and centrifuged at 12,000 xg and 4 °C for 10 min. The
supernatant was removed, aliquoted, flash-frozen in liquid nitrogen, and stored at —80 °C

for future use.

2.2.4 CFE reactions

CFE reactions were assembled as described by Kwon and Jewett!’. Briefly, reaction
mixtures were composed of 27 v/v% of in-house prepared lysate, 2 mM each proteinogenic
amino acid, 1.2 mM ATP, 0.85 mM each of GTP, CTP, and UTP, 0.2 mg/mL tRNA,
0.27 mM CoA, 0.33 mM NAD, 0.068 mM folinic acid, 1.5 mM spermidine, 33 mM PEP,
130 mM potassium glutamate, 10 mM Ammonium glutamate, 12 mM magnesium

glutamate, 4 mM sodium oxalate, and specified concentrations of plasmids (described in
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A.3 Protocell and CFE Reaction Conditions), RNA triggers, and small molecules. For
experiments with RNA triggers, Rnase Inhibitor Murine (New England Biolabs) was added
to the bulk phase at 0.5 v/v%. Each assembled CFE reaction was 10 pL in volume and
placed in a black-bottomed 384-well plate (Greiner Bio-One) and incubated at 37 °C for 3
hours for GFP expression. A clear adhesive film was used to cover the plate and prevent

evaporation.

2.2.5 Protocell CFE reactions

Polymers used to establish ATPS-based membrane-less protocells were prepared
by dissolving either 400k Ficoll, 500k dextran, or 35k PEG into nuclease-free water. The
bulk phase at the time of preparation and before the addition of Ficoll or dextran protocells
consisted of 5 v/v% of 35k PEG, 1x concentration of all reagents added for CFE reactions
(excluding lysate), specified concentrations of small molecules or nucleic acids, and
nuclease-free water to a final volume of 200 uL for the 4-plex system or 100 pL for the 9-
plex system (Figure 2-2). For experiments with RNA triggers, Rnase Inhibitor Murine
(New England Biolabs) was added to the bulk phase at 0.5 v/v%. For experiments
containing human serum, RNase Inhibitor Murine (New England Biolabs) was added to a
concentration of 1.5 v/iv% in the bulk phase to decrease serum Rnase activity. For
colorimetric output in CFE reactions, color substrates were added to the bulk phase to a

final concentration of 0.6 mg/mL for CPRG or 0.2 mg/mL for X-gal.
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Figure 2-2 Injection-molded polystyrene plates used in protocell array reactions.
Microwell layout and spacing are based on 96-well microplate standards from the
Society for Laboratory Automation and Screening. (A) Black microwell plate with
2x2 arrays of 2 uL volume micro-basins for protocell placement. (B) White microwell
plate with 3x3 arrays of 1 pL volume micro-basins for protocell placement. All
microwell plates used in this study were manufactured by PHASIQ, Inc (Ann Arbor,
Michigan).

Each protocell sensor consisted of 10 v/v% Ficoll or 5 v/v% dextran polymers, 27
vIv% cell-free lysate, 1x concentration of CFE reagents, specific concentrations of plasmid
DNA (either provided in figures or in Appendix A.3 Protocell and CFE Reaction
Conditions), and water to a final volume of 2 uL for the 4-plex system or 1 uL for the 9-
plex system. The assembled protocell solution was then vortexed at a medium-high setting
to ensure homogenous mixing. Protocells for detection of linear DNA also contained 2 uM

of yDNA to protect linear DNA against endonucleases present in the CFE lysate.

To assemble the protocell arrays, a bulk phase solution containing specified
concentrations of targets was first pipetted into the custom-made microwell plate

(PHASIQ) to fill up each microwell. Protocell droplets were then pipetted into the bulk
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phase solution at their designated micro-basins. Unless otherwise noted, microwells
containing assembled protocell arrays were incubated at 37 °C for 3 hours before imaging
on a ChemiDoc MP (Bio-Rad) imaging system. A clear adhesive film was used to cover

the plate and prevent evaporation.

2.2.6 Data acquisition and analysis

For CFE reactions, endpoint GFP readings were taken using a plate reader
(Synergy4, BioTek) with its companion Gen 5 software. The excitation and emission
wavelengths were 485 and 528 nm, with a gain setting of 70. Data acquired from Gen 5
software was exported to Microsoft Excel files for further analysis. For protocell array
reactions with fluorescent reporters, the ChemiDoc MP imaging system (Bio-Rad) was
used for fluorescent plate imaging. Image Lab software (Bio-Rad) was used for image
collection with settings of 0.5 s exposure time, grayscale image color, 530/28 filter for GFP
detection, and Blue Epi illumination as a light source. An image transform procedure was
uniformly applied to all images in Image Lab (with high, low, and gamma values of 10000,
0, and 1, respectively) before exporting files for analysis. For image analysis, each image
was first converted to an 8-bit grayscale image. An image processing software, Fiji, was
used to manually extract signal intensities from each 1.5 mm diameter micro-well (pixel
size 50) for data analysis. The signal intensities were recorded and analyzed using
Microsoft Excel. For colorimetric protocell array reactions, all pictures were taken with an
iPhone X (Apple) in a light-controlled setting®’. Adobe Photoshop was used to crop
individual wells for data presentation. A brightness adjustment was uniformly applied to
all colorimetric ATPS photos to make them better resemble their appearance to the naked

eye.
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2.2.7 Trigger preparations

DNA encoding each trigger RNA used in experiments was either amplified from
cloned plasmid or from genomic DNA of specified species of bacteria by PCR with Q5
DNA polymerase (New England Biolabs). Primers were designed to create linear DNA
with a T7 promoter and additional protective sequences on the 5’ and 3’ ends of the linear
template. Sequences for primers used to amplify triggers from DNA templates or genomic
DNA are provided in Appendix A.4 Primers for Trigger DNA Amplification. After PCR
amplification, all products were run on a 2 w/v% agarose gel to verify successful
amplification of targets and then purified using a PCR purification kit (Omega Bio-Tek).
The prepared linear DNA was either directly used in CFE and protocell reactions or used

as a template for in vitro transcription.

RNA triggers were transcribed from linear DNA templates using T7 polymerase
according to the manufacturer’s protocol (New England Biolabs). Following RNA
synthesis, Dnase | (Zymo Research) was added to degrade the linear DNA template. The
RNA products were then purified using an RNA Clean and Concentrator kit (Zymo
Research) according to the manufacturer’s protocol. Following purification, RNA
concentration was measured on a Nanodrop 2000, sub-aliquoted to reduce freeze-thaw

cycles, and stored -20 °C.

2.2.8 STEC toehold switch development

Toehold switches targeting gene sequences of Shiga toxin proteins (Stx1 and Stx2)
in STEC O157:H7 were designed using NUPACK with series B toehold switch design®

and cloned into a pJL1 plasmid containing a GFP reporter. Trigger sequences were
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synthesized by Eurofins Genomics as gene fragments containing a T7 promoter and 30-35
bp of protective sequences before and after the actual trigger sequence and were cloned
onto the pJL1 plasmid backbone to facilitate sensor screening. Trigger/sensor pairs were
then tested in CFE reactions containing 2.5 nM toehold switch sensor-GFP reporter
plasmid and 5 nM of trigger plasmid to verify successful sensor activation and
orthogonality (data in Appendix A.1 Initial Validation of B. Theta, Stx1, and Stx2 Switch
Activation in CFE Reactions Figure 12). Following trigger/sensor pair validation, primers
used to amplify different trigger sequences from genomic DNA were verified for

specificity toward their targets using PCR reactions with non-target templates.

2.2.9 Human serum processing

Pooled human serum was purchased from Corning (Corning, NY). Endogenous
zinc was removed from serum through Chelex-100 treatment. In total, 1 g of Chelex-100
resin was added to 100 mL of serum, and the mixture was vigorously stirred for 2 hrs at
room temperature. Resin was then isolated from the serum through centrifugation followed
by syringe filtering. All serum samples were aliquoted to minimize freeze-thaw cycles and

stored at -20 °C until use.

Measurement of successful zinc removal from serum was conducted at the
University of Georgia Laboratory for Environmental Analysis. Samples were digested with

concentrated acid and analyzed on ICP-MS according to EPA method 3052.

2.2.10 Lyophilization
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Protocell sensors (1 pL) containing 55 v/iv% lysate, specified concentrations of
plasmid DNA, and 10 v/v% Ficoll were spotted into micro-basins, and the plate was stored
at -80 °C to freeze for at least 5 hours. Bulk phase solutions (360 pL per bulk phase
condition, 120 pL per technical replicate) containing 5% PEG, 0.2 mg/mL X-gal, and 1x
CFE energy buffer were prepared in 2-mL Eppendorf tubes and stored at -80 °C to freeze
for at least 5 hours. Frozen plates and bulk phase solutions were transferred to a pre-chilled
Labconco Fast-Freeze flask as quickly as possible to prevent reagent thawing. The flask
was connected to a Labconco benchtop lyophilizer and lyophilized at —50 °C and 0.05

mbar overnight (> 14 hrs).

Freeze-dried reactions were taken out of the lyophilizer the following day. For the
bulk phase, water mixed with 50 nM of specified bacterial triggers was used to reconstitute
the lyophilized bulk phase solution to 360 pL (120 pL per technical triplicate). 1 pL of
water was used to rehydrate the freeze-dried protocells, and the plate was placed at room
temperature for 5 minutes for protocells to congeal, thereby reducing the potential for
protocell sensors to float into neighboring wells during rehydration. Reconstituted bulk
phase solutions were added to microwells before incubating at 37 °C. A clear adhesive film

was used to cover the plate and prevent evaporation.

2.3 Results

2.3.1 Compartmentalization of CFE protein expression in ATPS-formed protocells

While CFE-based protocells have previously been described®’28, their application
to analyte detection has not. To use membrane-less CFE protocells for simultaneous

measurement of multiple analytes, the sensor plasmids and core machinery for
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transcription and translation must retain activity in an ATPS environment and stay
compartmentalized inside the protocell. We first verified that CFE reactions based on an
in-house prepared E. coli lysate could maintain transcription and translation function in the
context of an ATPS. CFE reactions constitutively producing GFP were tested in two ATPS
environments: a 5% 35k PEG — 5% 500k dextran system and a 5% 35k PEG — 10% 400k
Ficoll system. These pairs of polymers were selected based on the following criteria: their
ability to separate into two liquid phases without pre-equilibration to create a metastable
system with mass transfer enhancements from convective mixing®?; our past experience
indicating their stability in dehydrated ATPS systems3:52; and previously reported
evidence that these polymers are compatible with CFE machinery3/385, Polymer
concentrations required to form biphasic separation were selected based on previously
characterized binodal curves®?®*, Additional rheological data are also available in the
literature®>54, PEG constitutes the bulk phase for both ATPS environments, while dextran
or Ficoll constitutes the protocell (Figure 2-3A). Individual protocells were first formed by
mixing CFE reactions with Ficoll or dextran polymer until homogenous and pipetting a 2
uL droplet into a bulk phase PEG solution. No protein production was observed after 3
hours of incubation at 37 °C (Figure 2-3B), perhaps due to the necessary salts and building
blocks for protein synthesis (nucleotides and amino acids originally in the protocell) not
remaining strongly partitioned in the protocell but instead diffusing into the bulk phase and
thus diluting their concentrations. Supplementing CFE energy buffer in the PEG bulk phase

enabled CFE protein synthesis (Figure 2-3B).
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Figure 2-3 Characterization of protein expression and reaction compartmentalization
in membrane-less protocells. (A) Schematic of single-well and multi-well protocell
reactions and their preparation methods. A small volume of Ficoll or dextran solution
containing reagents for cell-free GFP expression was pipetted into a bulk phase
solution of PEG to form a protocell. Subsequent reactions were incubated at 37 °C for
3 hours. (B) Fluorescence of Ficoll and dextran protocell reactions in single-protocell
format were measured with a plate reader with 485/528 nm excitation/emission
wavelengths. For detectable protein expression, energy buffer must be supplemented
in the bulk phase. (C) Fluorescence image of protocell arrays obtained by a ChemiDoc
MP imager (0.5 s exposure time, 530/28 nm filter) for 3 biological replicates. Contents
of individual protocells are indicated with colored circles: blue for Ficoll polymer-
encapsulated reactions, red for dextran-encapsulated reactions. Bright colors indicate
CFE reactions containing GFP plasmid for expression, and faded colors indicate
negative controls with no plasmid. Scale bar is 1 mm. (D) Quantitative assessment of
fluorescence image in C, with pixel intensity quantified by image processing software
(Fiji). Data are presented as mean values + SD of 9 replicates (3 biological replicates
x 3 technical replicates). Solid-filled circles represent the mean of each biological
triplicate, and hollow circles represent all data points. Note, due to different
measurement instruments being used for B and D, the arbitrary units on the y-axes
are different scales.

28



We next validated that ATPS-formed protocells compartmentalize multiple CFE
reactions, such that reporter plasmids and proteins remain in their phase-separated droplets
in a membrane-less protocell array. We performed CFE reactions in a custom-designed 96-
well plate where each microwell contains 4 micro-basins for protocell placement, with the
bulk phase supplemented with energy buffer. CFE reactions with or without a plasmid
coding for GFP were combined with dextran or Ficoll, loaded into the micro-basins (Figure
2-3A), and incubated at 37 °C for 3 hours. A fluorescence imager (ChemiDoc MP) was
used to measure protein production in the protocell array in this custom microwell plate.
GFP-producing Ficoll protocells were better localized in their designated micro-basins
compared to those of dextran protocells (Figure 2-3C-D), demonstrating that cell-free
lysate, plasmids, and reporter proteins are better compartmentalized in the PEG-Ficoll
environment. This result also suggests that multiple protocells expressing different
biosensors could be arrayed in the same microwell, enabling a platform for parallel,
simultaneous detection of multiple targets. We note that GFP diffusion from high GFP-
producing protocells is visible in the fluorescence images at later time points for both PEG-
dextran and PEG-Ficoll systems (Figure 2-4). Since typical CFE sensing reactions are on
the order of 0.5-3 hours, such issues at later time points in PEG-Ficoll protocells should be
less problematic for detection applications, though some degree of non-specific crosstalk

due to these limitations is possible.
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Figure 2-4 Characterization of CFE reaction compartmentalization and protein
production in PEG-Ficoll and PEG-dextran ATPS. (A) Time course quantification of
10% Ficoll and 5% dextran CFE protocells with and without plasmid encoding for
GFP expression. Disruption of the biphasic partitioning of GFP was observed beyond
4 hours. This could be caused by GFP diffusion from protocell to the bulk phase3*2%,
Typical CFE sensing reactions are on the order of 1 to 3 hours, making issues at longer
time scales less relevant. Data are presented as mean values + SD of 9 replicates (3
biological replicates x 3 technical replicates). Each biological replicate represents an
independently assembled reaction on a different day. (B) Representative time-course
fluorescence image of compartmentalized CFE reactions in protocell arrays for each
biological replicate. Blue circles indicate Ficoll-formed protocell with a plasmid
coding for GFP expression (bright blue) and without plasmid (faded blue). Red circles
indicate dextran-formed protocell with a plasmid coding for GFP expression (bright
red) and without plasmid (faded red). Scale bar is 1 mm.

2.3.2 Multiplexed detection of model small molecule and nucleic acid systems

To demonstrate that these membrane-less CFE protocell arrays can be used for
simultaneous detection of multiple analytes, we incorporated sensors that respond to
multiple model small molecules. Plasmids encoding each sensor system were embedded in
different protocells, with analytes added to the bulk phase to diffuse into the protocells to
activate their cognate sensor proteins. To evaluate small molecule detection, we tested an
isopropyl B-D-1-thiogalactopyranoside (IPTG)-inducible Lacl-Pt7iaco circuit and an
arabinose-inducible AraC-Peap circuit (Figure 2-5A)%. In each biosensing circuit, the
small molecule inducer modulates the activity of its corresponding transcriptional regulator

(IPTG derepresses Lacl and arabinose activates AraC), allowing transcription of GFP
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reporter from its respective promoter (Pt7iaco or Psap). The arabinose CFE sensor uses a
single plasmid encoding constitutive AraC expression and Pesap-regulated GFP expression
from the same divergent promoter. The IPTG sensor uses one plasmid to express GFP from
a Pt71aco promoter and another to express Lacl constitutively. When IPTG and arabinose
were individually added to the bulk phase, only the appropriate sensor reactions were
activated, with minimal signal crosstalk (Figure 2-5B). This result demonstrates that

protocell arrays can successfully detect multiple small molecule signals simultaneously.
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Figure 2-5 Simultaneous detection of multiple model small molecules in membrane-
less protocell arrays. (A) Schematic of protocell array setup for simultaneous
detection of two small molecules. Yellow and purple circles indicate micro-basins
containing arabinose and IPTG sensors, respectively. Gray circles are micro-basins
containing CFE protocells without plasmids. The circuit diagrams and plasmid
concentrations used for the arabinose and IPTG sensors are shown in the insets. (B)
Representative fluorescence images and their quantification results after 3 hours of
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incubation at 37 °C. Small molecules added to the bulk phase for each experiment are
indicated above each image. Circle colors are as in a. Each protocell sensor is only
activated when its cognate small molecule (10 mM IPTG, 20 mM arabinose, or both)
is present in the bulk phase. Data are presented as mean values + SD of 9 replicates
(3 biological replicates x 3 technical replicates) for protocell sensors and 18 replicates
for controls with no plasmid (3 biological replicates x 6 technical replicates). Hollow
circles represent the mean of each biological triplicate. Scale bar is 1 mm.

We next demonstrated that protocell arrays could also enable simultaneous
detection of multiple RNA targets using previously reported model toehold switches to
control the output of CFE reactions®. A toehold switch is a de novo designed RNA regulator
that forms an inhibitory hairpin to prevent translation of a downstream protein®. Addition
of a “trigger” RNA with sequence complementarity to part of the switch unfolds the
hairpin, turning on reporter expression (Figure 2-6A). We constructed plasmids in which
two previously characterized orthogonal toehold switches (B and H)® are constitutively
expressed from a T7 promoter, and used these sensor plasmids in the protocell array (Figure
2-6B). GFP expression for a given protocell sensor was only observed when the cognate
RNA trigger for the switch in that protocell was present in the bulk phase, demonstrating
that protocell arrays can successfully detect multiple RNA targets in parallel (Figure 2-6C,

D).
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Figure 2-6 Simultaneous detection of multiple model nucleic acid sequences in
membrane-less protocell arrays. Reactions were incubated at 37 °C for 3 hours. (A)
Schematic of toehold switch mechanism. Without trigger RNA, the switch mRNA
forms an inhibitory hairpin blocking the translation of a reporter (GFP). Addition of
trigger RNA unwinds the switch hairpin, allowing GFP translation. (B) Schematic of
protocell array setup for simultaneous detection of multiple nucleic acid sequences.
Red and blue circles indicate micro-basins containing toehold switches B and H,
respectively. Gray circles indicate CFE protocells without plasmids. (C)
Representative fluorescence image of RNA detection from 10 nM to 1 pM. Images in
the same column have the same RNA trigger(s) added. Images in the same row have
the same concentration of trigger(s) added. Circle colors are as shown in B. (D)
Quantification of fluorescence images in C and their replicates. Addition of both RNA
triggers mutually represses their outputs, but this effect is specific to these triggers.
(E) Representative fluorescence image of linear DNA detection from 20 pM to 2 nM.
Images in the same column have the same DNA trigger(s) added. Images in the same
row have the same concentration of DNA trigger(s) added. Circle colors are as shown
in B. Addition of both DNA triggers also mutually represses their outputs. (F)
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Quantification of fluorescence images in e and their replicates. For experiments
where the bulk phase had no triggers, data are presented as mean values + SD of 27
replicates for protocells containing toehold switch sensors (9 biological replicates x 3
technical replicates) and 54 replicates for reactions with no DNA (9 biological
replicates x 6 technical replicates). For experiments with triggers (RNA or DNA), data
are presented as mean values = SD of 9 replicates for protocells containing toehold
switch sensors (3 biological replicates x 3 technical replicates) and 18 replicates for
reactions with no DNA (3 biological replicates x 6 technical replicates). Hollow circles
represent the mean of each biological replicate. Scale bar is 1 mm.

Since DNA is more stable than RNA and can serve as a template for producing
many RNA molecules, we hypothesized that protocell sensors could respond more
sensitively to triggers expressed from a DNA template. RNA can be readily converted into
DNA using reverse-transcriptase mediated isothermal amplification techniques like
Nucleic Acid Sequence-Based Amplification (NASBA) or Reverse Transcription
Recombinase Polymerase Amplification (RT-RPA)%:57, making the detection of DNA-
templated RNA a viable strategy for field-deployable detection of RNA targets. Just 0.2
nM of linear DNA (expressing RNA under the control of a T7 promoter) added to the bulk
phase strongly activated GFP expression, with slight activation detectable upon adding just
20 pM of linear DNA (Figure 2-6E, F). While the simultaneous presence of both triggers
B and H caused some suppression of both signals compared to either one alone (Figure
2-6D, F), this effect was also observed in single-phase CFE reactions and was found to be
specific only to triggers B and H (Figure 2-7), suggesting adverse base-pair interactions

among trigger sequences that are independent of protocell array-based sensing.
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Figure 2-7 Co-expression of triggers B and H in single-phase CFE reactions mutually
represses their output. This inhibition effect is specific to the combination of triggers
B and H, as evidenced by the lack of repression when random (Null) and previously
characterized trigger sequences (Bacteroides thetaiotaomicron and Escherichia coli,
BT and EC respectively)® are also added to the CFE reactions. This effect occurs for
any CFE sensing reaction, not just in protocell arrays. (A) Trigger B was co-expressed
with different linear DNA transcribing RNA triggers. Only the addition of trigger H
significantly reduced GFP production from the switch B-GFP plasmid. (B) Trigger H
was co-expressed with different linear DNA transcribing RNA triggers, and only the
addition of trigger B reduced GFP production from the switchH-GFP plasmid.
Reactions were incubated at 37 °C for 3 hours before fluorescent measurement on a
plate reader. Data are presented as mean values + SD of 9 replicates (3 biological
replicates x 3 technical replicates). Each biological replicate is an independently
assembled reaction on a different day. Solid-filled circles represent the average of
each biological replicate, and hollow circles represent all data points.

2.3.3 Multi-modal detection of clinically relevant targets in a human serum matrix

Having demonstrated the multiplexing capabilities of protocell arrays, we next used
this platform to detect multiple types of clinically relevant biomarker molecules with public
health relevance: ions/minerals, small molecules, RNA, and DNA. The ions and small
molecules we chose for detection were two micronutrients, zinc and vitamin B12 (adenosyl-
cobalamin), that are important sensing targets for global health applications and for which
our group has previous experience developing CFE biosensors!t:?5, The zinc sensor uses
the activator ZntR, which activates expression from its cognate promoter Pznta When zinc

is present. The Bi2 sensor uses the activator EutR, which activates expression from its
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cognate promoter Peuts when both Bi2 and the cofactor ethanolamine (EA) are present. We
characterized these micronutrient biosensors together in protocell arrays to confirm sensor

performance (Figure 2-8).
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Figure 2-8 Protocell array setup for simultaneous detection of zinc and vitamin B12in
protocell arrays. Reactions were incubated at 37 °C for 3 hours. (A) Schematics of
zinc and vitamin Bi2 sensors and their concentrations. Zinc modulates GFP
expression by binding to the transcriptional regulator ZntR, which in turn activates
transcription from its cognate promoter Pzuta (purple schematic). Vitamin Bai2
modulates GFP expression by binding to the transcriptional regulator EutR with
ethanolamine (EA) as a cofactor. EutR then activates transcription from its cognate
promoter Peuts (yellow schematic). Gray circles represent protocells with CFE
reactions without plasmid DNA. (B) Representative fluorescence images of
simultaneous detection of small molecules at different input and concentration
conditions. (-) indicates neither zinc nor vitamin B12 was added in the bulk phase, and
50 uM EA indicates a bulk phase condition with only the cofactor for vitamin B2
sensor. Zinc was tested at 0.1 — 10 pM. Vitamin Bi2 was tested at 0.01 — 1 pM. All
micro-wells containing vitamin B12 in the bulk phase also have 50 M EA as a cofactor
for sensor activation. Scale bar is 1 mm. (C) Quantification of fluorescence images in
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B and their replicates. Data are presented as mean values = SD of 3 technical
replicates for sensing reactions and 6 technical replicates for protocells with no DNA.
Hollow circles represent all data points.

For nucleic acid detection, we developed and used toehold switch sensors that
detect nucleic acid sequences from two bacterial pathogens: Shiga toxin-producing E. coli
(STEC), which is a foodborne pathogen that causes life-threatening gastrointestinal
symptoms®®, and Bacteroides thetaiotaomicron (BT), which is linked to increased
virulence of STEC®®. We used a previously developed toehold switch for BT® but had to
design new switches for STEC, as previously published E. coli switches would cross-react
with non-pathogenic E. coli strains®. We developed two STEC switches targeting genomic
sequences of toxin proteins: Shiga toxin I (51) and Shiga toxin 1l (S2)%. When different
combinations of linear DNA coding for BT, S1, and S2 triggers amplified from the
genomic DNA of BT and STEC O157:H7 were added to the bulk phase of a microwell
containing protocell arrays, all protocell sensors showed orthogonal trigger detection with
minimal reaction crosstalk (Figure 2-9), demonstrating that protocell arrays can reliably

detect multiple pathogenic bacteria nucleic acid sequences in parallel.
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Figure 2-9 Protocell array setup for simultaneous detection of BT and STEC bacteria.
Reactions were incubated at 37 °C for 3 hours. (A) Teal, red, and blue circles
represent protocells containing toehold switch sensors to detect BT, S1, and S2
triggers, respectively. The gray circle represents a CFE protocell without plasmid
DNA. (B) Representative fluorescence image of simultaneous nucleic acid detection
at different input and concentration conditions. Location and color of each bacterial
sensor as shown in A. Linear DNA for expression of triggers was amplified from
genomic DNA of each bacterium and added to the bulk phase at concentrations of 2,
20, and 100 nM. Scale bar is 1 mm. (C) Quantification of fluorescence images from b
and their replicates. Data are presented as mean values + SD of 3 technical replicates.
Hollow circles represent all data points.

We then combined the validated micronutrient and bacterial sensors to demonstrate
multi-modal detection of diverse classes of analytes in a chemically defined sample and a
contrived human serum sample. A protocell array containing sensors for zinc, B12, S1, and
S2 was deposited to the microwell along with different combinations of analytes (zinc, B1z,

S1 trigger RNA, and linear DNA for S2 trigger expression) in the bulk phase (Figure
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2-10A). Each protocell sensor produced GFP only when its cognate analyte was present,
demonstrating successful multiplexed detection spanning multiple molecular classes (ion,
small molecule, RNA, and DNA) from a single sample (Figure 2-10B). Notably, the
protocells used for micronutrient and bacterial sensors compartmentalized different CFE
lysates — micronutrient sensors used E. coli lysate with basal level T7 RNAP and bacterial
sensors used lysate enriched in T7 RNAP. The S2-sensing protocell also contained 2 uM
¥DNA to protect S2 trigger DNA from exonuclease degradation by CFE lysate once it
entered the protocell to activate reporter production®®. Because other protocells did not
have yDNA, the competition for transcriptional machinery from S2 trigger that had
diffused into those protocells was thus minimized, as that linear DNA would get rapidly
degraded in those protocells®l. This showcases the fact that multiple customized sensing
reactions can coexist in the same protocell array without negatively impacting neighboring

protocell reactions.
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Figure 2-10 Simultaneous detection of multiple clinically relevant biomarkers across
multiple molecular classes in water and 20% human serum matrices. Reactions were
incubated at 37 °C for 3 hours. (A) Schematic of membrane-less protocell array setup
for multi-modal, simultaneous detection of diverse classes of clinically relevant
biomarkers. Purple and yellow circles indicate micro-basins containing zinc and
vitamin Bi2 sensors, respectively. Red and blue circles indicate micro-basins
containing S1 and S2 toehold switches, respectively. (B) Representative fluorescence
image (top) and pixel quantification of its replicates (bottom), demonstrating multi-
modal target measurement using protocell arrays with simultaneous detection of ion,
small molecule, RNA, and DNA targets from the same bulk phase. (C) Multi-modal
target detection in a 20% human serum matrix. Representative fluorescence image
(top) and quantification of fluorescence of representative image and its replicates
(bottom) demonstrating the robustness of protocell arrays to a complex sample
matrix. The asterisk (*) next to the zinc concentration indicates the total zinc
concentration is 2 uM in the bulk phase after accounting for the zinc remaining in
chelated human serum. Of note, the sensor plasmid concentrations were increased in
C compared to B to yield comparable output signal; this tuning was necessary due to
the decrease in protein expression that occurs in human serum?. Data are presented
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as mean values + SD of 9 replicates (3 biological replicates x 3 technical replicates).
Hollow circles indicate the mean of each biological replicate. Scale bar is 1 mm.

With this multi-modal, multiplexed analyte sensing platform established, we next
sought to verify that detection with protocell arrays remains robust even in complex
samples such as human serum. We increased sensor plasmid concentrations to compensate
for nuclease activity in serum®23 and spiked 20% human serum with target molecules at
levels similar to those used in our previously published CFE efforts?. With these contrived
serum samples as the bulk phase, we observed target-specific activation from all protocell
sensors (Figure 2-10C), demonstrating our platform’s translational potential for assessment

of biomarkers in patient samples.

We note that the presence of S1 RNA and Biz in the bulk phase caused a slight
increase in overall expression from the zinc sensor (both in basal expression levels in the
+S1 +B12 case compared to the null case, and in activated levels in the +all case compared
to the +S2 +Zn?* case, Figure 2-10). This is a prototypical example of a “matrix effect”,
where analytes other than a sensor’s target analyte that are present in the same sampling
matrix can cause changes in a sensor’s response®%. Matrix effects are a widely-
encountered analytical issue that must be addressed for almost any quantitative sensor or

diagnostic in a complex sample matrix?°64-66,

In addition to matrix effects due to different target analytes, the presence of human
serum also has inhibitory effects on CFE protein production®® (Figure 2-10). Serum’s
negative impact on CFE protein production is potentially caused by nuclease activity®263,
As aresult, we increased the plasmid concentrations of biosensors to counteract the loss in

protein production and provide comparable signal output in a serum matrix.
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2.3.4 Toward a field-deployable, equipment-free diagnostic platform

To be useful as a minimal-equipment, point-of-care sensing and diagnostic tool, the
membrane-less protocell array platform should produce test results that can be visually
interpreted without the aid of equipment like plate readers or fluorescence imagers. Toward
this goal, we replaced the GFP reporter protein with B-galactosidase (LacZ), an enzyme
that catalyzes the production of a colorimetric readout. We tested two colorimetric
substrates, chlorophenol red-beta-D-galactopyranoside (CPRG) and 5-Bromo-4-chloro-3-
indolyl B-D-galactopyranoside (X-gal), that are substrates for LacZ and are widely used
for CFE diagnostics and molecular biology assays, respectively’-%2567, We also used a new
white microwell design to improve pigment visualization, reduce the bulk phase volume
requirement, and increase the number of micro-basins in a microwell to include more
reactions (Figure 2-2B). We found that, while LacZ could produce visible color change 30
minutes faster when cleaving CPRG than when cleaving X-gal, the product of CPRG
cleavage rapidly diffused from the protocell to the surrounding bulk phase (Figure 2-11).
This diffusion would obscure result interpretation if readings were not taken within 30
minutes of color change, which could be an issue if different multiplexed sensors have
different characteristic response times. As a result, we chose to use X-gal for subsequent
test development based on its stable localization of pigments, despite a longer reaction

time.
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Figure 2-11 Protocell array output can be interpreted without equipment. (A)
Schematic of visually interpretable protocell array sensing reactions. Black circles
represent micro-basins containing protocells that constitutively produce LacZ. The
bulk phase contains either 0.6 mg/mL CPRG (yellow in panel B) or 0.2 mg/mL X-gal
(colorless in panel B) as the substrate for pigment production. Once produced, the
LacZ enzyme either cleaves CPRG to form chlorophenol red (CPR, red) or cleaves
X-gal to form a blue precipitate. (B) Time course pigment production from two
substrates. The bulk phase containing CPRG vyields visible color change within 30
minutes of incubation, but the pigment readily diffuses into the bulk phase at later
time points, making test results uninterpretable. The bulk phase containing X-gal
produces visible color more slowly, with visible color change occurring at 1 hour.
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However, the color remains localized over the entire incubation period and is still
mostly localized even after overnight incubation (> 14 hrs). Images presented are 3
technical replicates derived from the same reagent master mix.

We next used this colorimetric reporter to detect the presence of nucleic acid
sequences characteristic of pathogenic bacteria. A protocell array with toehold switch-
based sensors for BT, S1, and S2 was loaded into micro-basins, and the bulk phase
contained combinations of linear DNA coding for expression of cognate triggers amplified
from the genomic DNA of BT and STEC O157:H7 (Figure 2-12A). All protocell sensors
turned visibly blue to accurately report on the presence of the triggers within 2 hours with

minimal pigment leakage to neighboring reactions (Figure 2-12B).
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Figure 2-12 A membrane-less protocell array meets key criteria for a minimal-

equipment, field-deployable multiplexed assay. (A) Schematic of colorimetric
protocell array setup for simultaneous detection of multiple nucleic acid sequences.
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Teal, red, and blue circles indicate micro-basins containing BT, S1, and S2 protocell
sensors, respectively. Gray circles indicate empty micro-basins without CFE
reactions. (B) Representative sensor activation and pigment production in different
bulk phase conditions and at different time points. Images in the same row were taken
at the same incubation time. The concentration and the type of DNA trigger(s) used
are indicated above each image. Dashed circles indicate micro-basins containing
protocell sensors, as shown in A. (C) Protocell array functions after lyophilization.
Protocells containing CFE reactions coding for sensors of bacterial nucleic acid
sequences were lyophilized in micro-basins within microwells, and bulk phase
solutions were lyophilized separately. Addition of sample-reconstituted bulk phase to
microwells formed the protocells via liquid-liquid phase separation and revived CFE
sensing reactions leading to pigment production after 3 hours of incubation at 37° C.

Additionally, a field-deployable protocell array-based sensing platform must be
compatible with storage and transportation at ambient temperature for easy distribution to
the point of need. To demonstrate our system's ability to meet this criterion, we lyophilized
arrays of Ficoll CFE sensors containing different bacteria nucleic acid sensors in micro-
basins and separately lyophilized the bulk phase solution (containing PEG, X-gal, and CFE
energy buffer). We show that the addition of water- or trigger-reconstituted bulk phase to
the array formed the protocells via liquid-liquid phase separation and activated the CFE
sensors in the protocell arrays. All bacteria-sensing protocells remained compartmentalized
in their micro-basins, produced visible color change within 3 hours of incubation at 37 °C,
and accurately reported the triggers added to the bulk phase (Figure 2-12C). This result
suggests the possibility of a simple-to-operate multiplexed assay that can be performed by
minimally trained staff, which is critical for point-of-need use in the field of environmental

or epidemiological surveillance.

2.4 Discussion

In recent years, membrane-less protocell models have been used for various scientific

and engineering applications, including cell-like functionalities such as selective nucleic
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acid retention*":%8 reaction acceleration®®’?, and droplet division’*. Despite being
membrane-less, these phase-separated droplets are quite robust, maintaining their structure
through dehydration and rehydration cycles’> and enabling potentially impactful
downstream uses. One example is the acoustically-trapped protocell patterning technique
that enables different enzymatic reactions to occur in adjacent protocells”. However, such
a strategy requires complex equipment and extensive optimization of reaction

environments, making it challenging to implement at the point of need.

Our approach using polymer ATPS to construct protocell arrays can address current
limitations in bringing multiplexed analyte measurement to field applications. We show
that topographical micro-basin features patterned on the floor of standardized 96-well plate
format microwells (Figure 2-2) enable multiple protocells to coexist spatially separated
without any external input to maintain separation. The membrane-less aspect of protocells
formed by ATPS also facilitates minimally-hindered analyte diffusion (and even
concentration for some analytes with favorable partitioning behaviors®33.74) into the
protocells. Furthermore, these protocells can compartmentalize custom-designed CFE
reactions that can detect diverse classes of analytes, remain robust to complex sample
environments, and retain their sensing capabilities after lyophilization for on-demand,

simultaneous measurement of multiple analytes at the point of need.

The embedding of CFE reactions in ATPS-formed protocells is uniquely poised to
meet many key challenges in biosensing applications, as this platform can be customized
to detect diverse sets of analytes by reprogramming the DNA sequence of plasmids used
as the basis for sensing. Previous work has demonstrated that CFE can be used to detect

metabolites via incorporation of genetically encoded metabolic transducers®® 7>, proteins
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via genetically encoded aptamers*>7¢, and nucleic acids via genetically encoded synthetic
regulators”277, These different sensing systems often require differently optimized CFE
reactions (e.g., lysate preparations or macromolecular reaction additives), but these
individually optimized sub-systems can all be used together in parallel to measure different
targets in the same sample. Of note, the protocells sensing nucleic acids in Figure 2-10
used a T7 RNAP-enriched lysate, while protocells sensing small molecules did not.
Moreover, only the protocell expressing S2 switch contained yDNA for linear DNA
protection, which helped to minimize competition for transcription resources in the other
protocells as the linear DNA coding for S2 trigger would be degraded in the other
protocells. Selectively tuning an individual sensor’s performance without negatively
impacting other sensors is an enabling advance for simultaneous, parallel measurement of
multiple analytes, made possible by encapsulating individual sensors into discrete, phase-
separated protocells. The compartmentalization of protocell sensors eliminates the need for
multiple, orthogonal, or target-specific reporter systems, allowing all sensors in the same
microwell to be developed with the same reporter system. This facilitates rapid
development of test panels, as newly developed sensors can be readily incorporated into

existing protocell arrays with obsolete sensors easily replaced.

An array of spatially separated gene networks that sense and respond to different
analytes in the same environment has many potential applications. One such example is in
agricultural and environmental surveillance?!, where a small environmental sample can
indicate the presence of a pollutant, excessive fertilizer, or even an animal or plant
pathogen. Another example would be to study crosstalk between protocells. While

interactions between sensor protocells would be construed as a problem for developing
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diagnostics, the ability for individual protocells to produce small molecules that could
diffuse to other protocells in the array could be used as a platform for prototyping chemical
communication networks among synthetic cells’®7°. Each protocell could be separately
programmed with a different function, allowing for the investigation of different
communication networks at the single-(proto)cell level. In addition, the physical
arrangement of protocell arrays—a reaction phase with an interface to a bulk liquid where
diffusion of small molecules can occur freely between the two liquids—is similar to a CFE
reaction operating in dialysis mode, which has been shown to extend CFE reaction
lifetime®. In dialysis operation, toxic molecules produced in CFE reactions can diffuse out
of the reaction volume, potentially improving CFE yield. Thus, protocells could provide a
new way to accrue the benefits of dialysis mode reactions without expensive dialysis

membranes or cassettes.

Perhaps the most impactful application of these membrane-less protocell arrays is
for point-of-care diagnostics with simultaneous, parallel detection of multiple clinically
relevant biomarkers in human biofluids. Many diseases and disorders that clinicians and
researchers seek to identify in the field are not diagnosed based on just one biomarker but
by the combination of multiple test results, often spanning multiple classes of
biomolecules. The protocell array formed by CFE and ATPS is an enabling platform for
these needs. It is compatible with complex sample matrices and withstands lyophilization
for intact functionality upon rehydration, enabling flexible test development and
deployment to the point of need without expensive cold chain requirements. However, in
our efforts to demonstrate serum compatibility with protocell arrays, we found that serum

proteins formed cloudy precipitates when added to a PEG-rich bulk phase. While serum
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protein precipitation did not obstruct biphasic polymer separation and detection of GFP
signal, it hindered micro-basin and pigment visualization in colorimetric reactions. One
possible way to resolve this might be to use clear-bottomed plates such that pigments can

be visualized from the bottom?34.

The results in Figure 2-10 demonstrate our platform's translational potential for
assessment of biomarkers in patient samples. We achieved zinc detection at 2 uM, which
is within the clinically relevant range for zinc deficiency (1.7-2.3 uM in 20% human
serum)?>8L, Unfortunately, there is currently no CFE-based Bi2 sensor with a limit of
detection in the clinically relevant range for B12 deficiency (15 - 80 pM in 20% serum)*1#2,
Activation of the Bi2 sensor at 1 pM nonetheless offers a proof-of-concept toward
simultaneous detection of diverse classes of analytes in a complex human serum matrix. In
addition, since pathogen nucleic acids are typically present at femtomolar
concentrations’%83 nucleic acid amplification methods such as NASBA or RT-RPA would
need to be integrated into the sample workup or directly into protocell arrays to bring these
targets into the sensor response range. This input amplification (common to nearly all
current CFE nucleic acid sensors”23%.77) does, however, increase the level of complexity of
the test and require trained operators to execute. Fortunately, ongoing research efforts are
moving toward eliminating the need for upstream input amplification®. Given the
demonstrated modularity and easily reconfigurable format of our platform, those resulting
amplification-free CFE systems could be incorporated into our protocell array and enable
one-pot detection of clinically relevant biomarker levels. Nonetheless, one would still need
to ensure that any upstream processing does not alter levels of other targeted biomarkers

present in the sample.
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In conclusion, we have demonstrated that arrays of polymer ATPS-formed,
membrane-less protocells with compartmentalized DNA transcription and RNA translation
machinery can perform simultaneous detection of diverse classes of analytes. Such a
protocell system survives lyophilization to enable test storage and distribution at ambient
temperature. Rehydration with an analyte-containing polymer solution reestablishes phase
separation, allows uptake of analytes by the resulting protocell sensors, and revives
compartmentalized transcription- and translation-mediated detection reactions. These
arrays of membrane-less protocells provide modular, field-deployable, multi-modal,
multiplexed diagnostic potential. Interfacing CFE reactions with membrane-less protocells
addresses the current limitation in simultaneous detection of diverse analytes from a single
sample and opens new opportunities for implementing diagnostic panels for use at the point

of care.
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CHAPTER 3. POINT-OF-CARE ANALYTE QUANTIFICATION
VIA LYSATE-BASED CELL-FREE BIOSENSORS INTERFACED

WITH PERSONAL GLUCOSE MONITORS

Portions of this chapter are reproduced from my publication “Point-of-care analyte
quantification and digital readout via lysate-based cell-free biosensors interfaced with

personal glucose monitors” in ACS Synthetic Biology®.

3.1 Introduction

Field-deployable diagnostics based on cell-free expression (CFE) systems have
advanced greatly, but on-site quantification of target analytes remains a challenge. Most of
the current on-site CFE detection strategies use enzymatic reporters to generate visible
color pigment for either a binary, yes-or-no result readout’® or a semi-quantitative
measurement of target concentration using transient color changes®®. Others have used
custom-built, portable electronic devices in place of bulky plate readers for result
interpretation and quantification”®?!, While these efforts represent promising strides
toward quantitative analyte measurement at the sampling site, few of these approaches or
devices can match the simplicity, quantification, and digital readout offered by a personal
glucose monitor (PGM). As a result, there has been significant research effort to engineer
biosensors that can be read by a glucose monitor3%:4086-92 rather than trying to engineer
entirely new quantification devices that match the PGM’s portability and reliability. Recent
efforts have even successfully interfaced glucose monitors with CFE system-based

biosensors, though they were subject to significant limitations.
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The first-ever reported use of CFE systems with a glucose monitor was limited to
using reagent complementation strategies®, such that it was only used to measure analytes
that were required components of the CFE reaction. A more recent report demonstrated
detection of the presence and absence of targets (nucleic acid sequences) but did not aim
for analyte quantification®’. In addition, the demonstration used an expensive, purified
protein expression system (PUREXpress, at almost $10 per sample) and required a separate,
overnight enzymatic conversion step to remove confounding glucose that is present in the
sample. The glucose removal step that was used required the user to know in advance the
sample glucose levels and then add sample-specific volumes of reagents to clear native
glucose from samples without causing unwanted degradation of the glucose generated by
the sensing reaction. All of these requirements decrease that approach’s potential viability
for field-deployable applications. While that report was a significant step forward, the use
of aPGM for qualitative, presence/absence diagnosis rather than quantitative measurement
meant the strategy did not fully exploit one of the most critical and impactful capabilities
offered by PGMs. Even more importantly, for most clinically relevant biomarkers for
conditions other than infectious disease, it is the biomarkers’ concentration—not merely
their presence or absence—that is the criterion for diagnosis?>%-%. For these target
analytes, quantification at the point of need is critical and digital readout enables

straightforward result interpretation.
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Figure 3-1 Schematic of glucose monitor-mediated measurement of an analyte
present in the biological sample. The biosensor produces a sugar-converting enzyme
(LacZ) in response to different concentrations of the analyte. LacZ then converts a
complex sugar substrate (lactose) into glucose measurable on a glucose monitor.

Here, we aim to expand the repertoire of glucose monitor-mediated analyte detection
to include quantification of diverse sets of analytes via lysate-based CFE systems. We first
showed that a genetic circuit constitutively expressing the enzyme p-galactosidase (LacZ)
in the CFE lysate reaction successfully allows LacZ conversion of lactose to glucose and
yields measurable PGM outputs (Figure 3-1). We then demonstrated analyte-modulated
LacZ production and glucose conversion via different biosensing circuits. We successfully
used a zinc-responsive transcription factor to generate dose-dependent expression of LacZ
to identify zinc deficiency in a human serum matrix at clinically relevant concentrations.
We further showed that the same detection strategy could be used to detect and quantify
nucleic acid biomarkers from pathogenic E. coli by merely substituting the zinc
transcriptional control elements with RNA regulatory elements (toehold switches). In
developing these diagnostic sensors, we found that the metabolic pathways active in lysate-
based CFE systems®-1% readily deplete glucose in reactions. As a result, we decoupled
LacZ production from glucose conversion and capitalized on this lysate metabolism for
one-pot removal of glucose that may be initially present in a complex sample environment

(like human serum or other biofluids), thereby eliminating a separate processing step to
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remove endogenous glucose required in current PGM-mediated analyte quantification
methods®’:9192, Taken together, our work showcases a broadly applicable and modular
strategy for rapid and reliable quantification of target analytes at the point of need,
expanding the repertoire of PGM-mediated biomarker detection with biosensors expressed

in lysate-based CFE systems.

3.2 Materials and Methods

3.2.1 Bacterial strains and plasmid preparation

E. coli strain DH10B was used for all cloning and plasmid preparations. E. coli
strain BL21 Star (DE3) AlaclZYA was created by lambda red recombination and used for
in-house cell-free lysate preparation. Genomic DNA from E. coli O157: H7 (ATCC

51657GFP) was used as a template for stx1 and stx2 trigger amplification.

Sequences for all DNA and plasmid parts used in this study are provided in Appendix
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B.2 Sequence Information. Eurofins Genomics synthesized DNA oligonucleotides
for cloning and sequencing. Plasmid DNA used for all CFE reactions was purified from
EZNA midiprep columns (OMEGA Bio-Tek) followed by isopropanol and ethanol
precipitation. The purified DNA pellets were reconstituted in the elution buffer, measured

on a Nanodrop 2000 for concentration, and stored at -20 °C until use.

3.2.2 Crude E. coli cell-free lysate preparation

Cellular lysate for all experiments was prepared as described by Sun et al*®. with a
few protocol modifications. Briefly, BL21 Star (DE3) AlaclZYA cells were grown in 2x
Y TP medium at 37 °C and 220 rpm to an optical density (OD) of 0.3-0.5 for IPTG induction
at 0.4 mM to activate expression of T7 RNAP Polymerase. The cells were grown further
until the OD was 1.5-2.0, corresponding to the mid-exponential growth phase. Cells were
centrifuged at 2700 rcf and washed three times with S30A buffer (50 mM tris, 14 mM
magnesium glutamate, 60 mM potassium glutamate, 2 mM dithiothreitol, and pH-corrected
to 7.7 with acetic acid). After the final centrifugation, the wet cell mass was determined,
and cells were resuspended in 1 mL of S30A buffer per 1 g of wet cell mass. The cellular
resuspension was divided into 1 mL aliquots. Cells were lysed using a Q125 sonicator
(Qsonica) at a frequency of 20 kHz and 50% amplitude. Cells were sonicated on ice with
cycles of 10 s on and 10 s off, delivering approximately 200 J, at which point the cells
appeared visibly lysed. An additional 4 mM dithiothreitol was added to each tube, and the
sonicated mixture was then centrifuged at 12,000 rcf and 4 °C for 10 min. After
centrifugation, the supernatant was removed, divided into 100 pL aliquots, and stored at -

&0 °C until use.
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An additional runoff reaction and dialysis were performed in lysate used for
expression of toehold switches and malachite green aptamer. Briefly, the centrifuged
sonication product was incubated at 37 °C and 220 rpm for 80 min. After this runoff
reaction, the cellular lysate was centrifuged at 12,000 rcf and 4 °C for 10 min. The
supernatant was removed and loaded into a 10 kDa molecular weight cutoff dialysis
cassette (Thermo Fisher). The lysate was dialyzed in 1 liter of S30B buffer (14 mM
magnesium glutamate, 60 mM potassium glutamate, 1 mM dithiothreitol, and pH-corrected
to 8.2 with tris) at 4 °C for 3 hours. Dialyzed lysate was removed and centrifuged at 12,000
rcf and 4 °C for 10 min. The supernatant was removed, aliquoted in volumes of 100 pL,

and stored at -80 °C for future use.

3.2.3 CFE reactions

The CFE reaction composition was as previously described by Kwon and Jewett!’.
All lysate and reagent master mixes were thawed on ice and had fewer than 3 freeze-thaw
cycles. All reactions were assembled on ice and in PCR tube strips. The reaction master
mix containing lysate was vortexed briefly at a medium-high setting to ensure homogenous
mixing before being aliquoted into individual reactions. All CFE reactions, except
reactions expressing toehold switches or malachite green aptamers, used crude lysate
without post lysate processing steps such as run-off reactions and dialysis. Dialyzed lysate
was used for toehold switch and malachite green aptamer reactions due to its enhanced

transcriptional capacity?®.

For reactions measured with a plate reader, each CFE reaction was 10 pL in volume

and pipetted into a black-bottomed 384-well plate (Greiner Bio-One) for fluorescence
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measurement or a clear-bottomed 384-well plate (Greiner Bio-One) for absorbance
measurement. Kinetic reads were performed in a plate reader (Synergy4, BioTek) at 37 °C
for 1 hr. The filter setting for GFP measurement was 485/510 nm excitation/emission
wavelengths, with the gain set at 70. The filter setting for malachite green measurement
was 615/650 nm excitation/emission wavelengths, with the gain set at 100. For
chlorophenol red-p-D-galactopyranoside (CPRG) measurement, sample absorbance was
measured at 580 nm. All plates were sealed with a transparent, adhesive film to prevent

evaporation.

For reactions read on a PGM, each assembled CFE reaction was 9 pL in volume
and placed in a PCR tube with the cap on to prevent evaporation. Reactions were incubated
at 37 °C in a thermocycler for the specified amount of time before glucose measurement.
For reactions quenched with the naproxen-lactose mix, 1 puL of the 10x quench mix (100
mM naproxen sodium and 400 mM lactose) was added to each reaction and the mixture
was vortexed at medium-high setting, settled to the bottom of the tube using a mini
centrifuge, and incubated at 37 °C for 15 minutes before measurement on a PGM. The same

concentration of the naproxen-lactose mix was added to all CFE reactions.

3.2.4 PGM quantification

A glucose oxidase-based PGM (OneTouch Ultra 2 Blood Glucose Monitoring
System, LifeScan Inc) and accompanying test strips (OneTouch Ultra Test Strips, LifeScan
Inc) were used for glucose measurement. Once the glucose-generating step of the reaction

was completed, 2 pL of each reaction was spotted on the test strip and measured with the
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PGM. Because the PGM’s readout range is from 20 to 600 mg/dL, values below or above

the meter threshold were assigned a value of 20 mg/dL or 600 mg/dL, respectively.

3.2.5 Serum processing

Pooled human serum was collected from donors as approved in Institutional
Review Board protocol number H17489. Venous blood was collected in 6 mL of BD
Vacutainer collection tubes for trace element testing, and tubes were left on ice for about
30 min to clot. Blood was transferred to a 50 mL conical tube and centrifuged at 2700 rcf
for 30 min at 4 °C. Serum was removed, and an aliquot of untreated human serum was
saved for zinc baseline analysis. The remaining serum was treated with Chelex 100 resin
by adding 1 mg resin per 1 mL of serum and vigorously stirred for 2 hrs at room
temperature. The resin was isolated from samples through centrifugation and syringe
filtering. All serum samples were aliquoted to minimize free-thaw cycles and stored at -20

°C until use.

Measurement of successful zinc removal from serum was done at the University of
Georgia Laboratory for Environmental Analysis. Samples were digested with concentrated

acid and analyzed on ICP-MS according to EPA method 3052.

3.2.6 Trigger preparation

DNA encoding each trigger RNA used in experiments was amplified from the
genomic DNA of E. coli O157: H7 via PCR with Q5 DNA polymerase (New England
Biolabs). Sequences for primers used to amplify triggers from DNA template or genomic

DNA are provided in the supplementary table of the manuscript. After PCR amplification,
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products were run on a 2 w/v% agarose gel to verify strain-specific amplification of targets
and then purified using a PCR purification kit (Omega Bio-Tek). The prepared linear DNA

was either directly used in CFE reactions or used as a template for in vitro transcription.

RNA triggers were transcribed from a linear DNA template using T7 polymerase
according to the manufacturer's protocol (New England Biolabs). Following RNA
synthesis, Dnase | (Zymo Research) was added to degrade the linear DNA template. The
RNA products were then purified using an RNA Clean and Concentrator kit (Zymo
Research) according to the manufacturer's protocol. Following purification, RNA

concentration was measured on a Nanodrop 2000, aliquoted, and stored at -20 °C.

3.3 Results

3.3.1 Lysate-based CFE reaction producing LacZ enzyme can convert lactose to

measurable glucose

The first step toward PGM-mediated analyte quantification using lysate-based CFE
reactions was to confirm that the CFE reagents are compatible with commercial PGMs. To
verify reagent compatibility and glucose stability, we incubated D-(+)-glucose (hereafter
referred to as glucose) at concentrations of 0-25 mM in CFE reactions to span the full PGM
detection range and tracked their respective value readouts over time. Compared to glucose
standards prepared in water, we observed a slight decrease in signal output for immediate
measurement of the same glucose concentration in the CFE matrix (Figure 3-2A). We also
found significant glucose consumption in CFE reactions over time (Figure 3-2A). This
finding was perhaps unsurprising, as previous reports have observed and characterized

significant endogenous glycolytic metabolic activity in CFE lysates®6-1%°; we attributed the
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loss in signal output over time to enzyme-catalyzed conversion of glucose to glucose-6-

phosphate due to residual glycolytic activity in the lysate.
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Figure 3-2 Characterization of glucose production and depletion in CFE reactions.
(A) Verification of CFE compatibility with PGM and time-course measurement of
glucose depletion in reactions. A slight decrease in PGM output was observed for the
same concentration of glucose in the CFE matrix and no incubation time compared
to glucose in a water solution (“Standards”). Rapid depletion of glucose signal was
observed in all CFE reactions over time. Error bars represent the standard deviation
of CFE reaction triplicates. Dashed gray line represents PGM’s lowest reading
threshold, 20 mg/dL. (B) Decoupling enzyme production and glucose conversion in
CFE reactions enabled dose-dependent PGM signal output. CFE reactions containing
varying concentrations of plasmid constitutively expressing LacZ were incubated for
30 to 60 minutes before each reaction was quenched by naproxen-lactose mix to shift
the reaction from enzyme production to glucose conversion. Plasmid concentration-
modulated glucose production was detected using the PGM after 15 minutes of
incubation. Error bars represent the standard deviation of CFE reaction triplicates.
Dashed gray line represents PGM’s lowest reading threshold, 20 mg/dL.

Endogenous glycolytic activity in crude E. coli lysate could pose serious problems
for CFE-mediated analyte quantification using PGMs, since glucose molecules generated

by the reporter enzyme in the CFE reaction would be readily depleted, and thus desired
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signal would be lost. To address this issue, we chose to decouple reporter enzyme
production from enzyme-catalyzed glucose production. To assess how fast glucose can be
produced for detection by the PGM, we added a plasmid for constitutive expression of the
enzyme LacZ to the CFE reaction for 30 to 60 minutes. Following this incubation, a
mixture consisting of naproxen and lactose was added to the CFE reaction to terminate
transcription in the CFE system (via naproxen), slow down lysate metabolism (via
naproxen), and start glucose production via LacZ conversion of lactose to glucose.
Different concentrations of plasmid that constitutively express LacZ were used as a testbed
model for our eventual goal of LacZ expression that increases based on the amount of
analyte present. After 15 minutes of incubation, we observed plasmid dose-modulated
glucose signal production on the PGM (Figure 3-2B). Naproxen was used here due to its
effectiveness at inhibiting CFE reactions without impairing LacZ activity?® (Figure 3-3A-
D). We anticipate that other small molecule inhibitors added at high concentrations could
also be capable of halting the CFE reaction, but we chose naproxen here due to its minimal
effects on LacZ-mediated glucose production, its inhibition of endogenous glucose
depletion (Figure 3-3E), and our previous experience using naproxen with CFE

biosensors?.
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Figure 3-3 Characterization of naproxen quenching in CFE reactions. Error bars in
each sub-panel represent standard deviations of CFE reaction triplicates. (A) Plasmid
encoding for GFP expression was added to each reaction for fluorescent signal
production to characterize naproxen’s cumulative impact on protein transcription
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and translation. Addition of naproxen sodium at the beginning of the CFE reaction
inhibits GFP expression. (B) BL21 Star (DE3) lysate containing LacZ enzyme was
dosed into a CFE reaction at 5% volume. LacZ activity was measured by its ability
to cleave chlorophenol red-p-D-galactopyranoside (CPRG) to chlorophenol red.
Addition of naproxen sodium did not significantly impact LacZ activity. (C) Plasmid
encoding for malachite green RNA aptamer (MGA) expression and malachite green
dye (MG) were added to each reaction for fluorescent signal production to
characterize transcription. Addition of naproxen sodium at the beginning of the CFE
reaction prevents transcription. (D) RNA transcripts coding for GFP translation were
added to each CFE reaction for fluorescent signal production. Addition of naproxen
sodium resulted in ~46% repression of translation. (E) Addition of 10 mM naproxen
slowed down endogenous glucose consumption in CFE reactions, with glucose
readings (especially at later time points) higher in the presence of naproxen than in
Figure 3-2A. Standards presented here are the same set of data presented in Figure
3-2A.

3.3.2 Repurposing a PGM to quantify micronutrients in human serum

After successfully verifying plasmid dose-dependent glucose production in CFE
systems, we tested whether small molecule inducers could modulate dose-dependent
glucose readings on PGMs. We chose zinc as our target analyte for PGM-mediated
quantification due to its global health relevance (zinc deficiency is responsible for the
deaths of 100,000 children under the age of five worldwide every year)8-1! and our
group’s previous experience in developing a semi-quantitative zinc biosensor?®. The zinc
sensor used here constitutively expresses (from the promoter Pt7) a transcription factor
ZntR, which in turn controls the expression of LacZ based on the concentration of zinc.
Zinc binding activates ZntR, which turns on expression from its cognate promoter Pznta for

LacZ production (Figure 3-4A).

Because the human physiologically relevant zinc concentration spans from 2 to 20
UM?258L we first tested for zinc-modulated glucose production in a water matrix across this

range (Figure 3-4B). Using the same strategy to decouple analyte detection from glucose
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conversion, we incubated CFE reactions for 45 minutes for LacZ production before
quenching reactions with naproxen-lactose mix and incubating for another 15 minutes for
glucose production. Although we have demonstrated that 30 min of reaction can generate
enough LacZ to produce detectable glucose signals on the PGM, we extended the reaction
to 45 min to account for the lag time associated with the expression of sufficient zinc-
responsive transcription factor to enable expression of LacZ, an additional step not present
in our initial experiments from Figure 3-2. In just 1 hour of total assay time (including
glucose production), we observed a linear increase in glucose readout over a range
spanning 0-10 puM zinc, above which the response of zinc sensor starts to saturate at
increasing zinc concentrations®. Further, we observed consistent glucose production
across different reactions assembled on different days, demonstrating that PGM-mediated
analyte quantification could be a reliable method for daily monitoring of micronutrient

status.
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Figure 3-4 Application of PGM-mediated quantification of zinc in CFE reactions. (A)
Schematic of zinc-modulated glucose production and PGM-mediated target
guantification in CFE reaction. Zinc modulates LacZ production by binding to the
constitutively expressed transcription factor ZntR, thereby activating transcription
from the ZntR-responsive promoter Pznta. Following 45 min of LacZ production, a
mixture of the naproxen-lactose solution was added to quench the CFE reaction and
to start lactose conversion for 15 min. The converted glucose was then read on the
PGM for target analyte quantification. (B) Dose-dependent glucose production in
CFE reaction with zinc in a water matrix. The same experiment was replicated on
different days to verify consistency in glucose output. Replicates (Rep) represent
independently assembled reactions and error bars represent the standard deviation
of CFE reaction triplicates in each replicate. Dashed gray line represents PGM’s
lowest reading threshold, 20 mg/dL. (C) Dose-dependent glucose production in CFE
reaction with zinc in 25% pooled human serum. X-axis zinc concentrations reflect the
total zinc in the reaction after accounting for the remaining zinc in chelated serum
(Figure 3-5D). The same experiment was replicated on different days and with an
independently assembled reaction to verify consistency in glucose output. Error bars
represent the standard deviation of CFE reaction triplicates in each replicate. Dashed
gray line represents PGM’s lowest reading threshold, 20 mg/dL.

We then focused on the linear response range of zinc concentrations, re-optimized
plasmid concentrations for increased signal, and tested the compatibility of our approach

with human serum samples (Figure 3-4C). Because zinc is endogenously present in serum
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and the samples were from otherwise healthy volunteers, the baseline level of zinc in the
pooled serum sample would prevent us from assessing the assay's ability to detect deficient
zinc levels. To address this issue, we first removed endogenous zinc from the pooled serum
samples via chelation (Figure 3-5D) and then spiked different concentrations of zinc back
into the serum. In CFE reactions containing 25% pooled human serum, we observed a
consistent dose-dependent glucose signal readout over a range spanning 0.6-10.6 pM zinc
across different days (Figure 3-4C), reflecting 2.4-42.4 uM zinc in non-diluted human
serum and thus spanning a broad range of clinically relevant concentrations to detect zinc
deficiency and toxicity. The common clinical reference range for zinc deficiency is
between 8.5-11.5 uM (or 2.1-2.9 UM in 25% serum)?>8L, Since our assay can accurately
measure zinc in this range, our approach can be easily deployed for a quantitative

micronutrient monitoring test at home or in resource-limited environments.
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Figure 3-5 Endogenous metabolism in CFE reactions readily removed a wide range
of glucose spiked into human serum without impacting protein expression. (A)
Glucose was added to human serum to span the full detection range of the glucose
monitor (OneTouch Ultra 2). Error bars in each sub-panel represent standard
deviations of technical triplicates. (B) Human serum containing various amounts of
glucose was added to a CFE reaction (with no LacZ expression) at 25% volume, and
significant depletion of glucose was observed in the first 20 minutes for all reactions.
Error bars in each sub-panel represent standard deviations of reaction triplicates. (C)
GFP expression was unaffected in CFE reactions containing 25% human serum at a
wide range of glucose concentrations. Error bars in each sub-panel represent
standard deviations of two independently assembled experimental replicates, each
with CFE reaction triplicates. (D) Verification via ICP-MS of serum zinc removal
after treatment with Chelex-100 resin.

We further highlight that endogenous glucose present in human serum did not
interfere with our PGM readout since the metabolic reactions active in cell-free lysate
readily removed serum glucose without impacting protein production (Figure 3-5A-C).
Previous efforts using PGMs for sensing in serum matrices have required additional steps
to remove the confounder of serum glucose from reporter measurements®-%2, since serum

glucose would be expected to vary from patient to patient—the very reason the PGM
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exists—and thus interfere with the quantitative interpretation of the biosensor readout.
Some of the previously reported approaches to solving this problem would be infeasible
for practical field application. With our approach, the glucose consumption that was
initially a potential obstacle in the use of lysate-based CFE biosensors has been repurposed
as a distinct advantage that allows quantification across highly variable patient sample

matrices.

Furthermore, our strategy of using a transcription factor-based, small molecule
inducible genetic circuit is modular and easily generalizable to detect other small molecule
targets. To develop a quantitative assay for another target molecule, one simply needs to
replace the transcription factor and promoter and adjust the reaction conditions to achieve
the desired output level. This only needs to be done once for each new sensor being
developed, and is typically best accomplished via systematic variation of plasmid levels to
achieve the desired dynamic range of output in the same short assay time, followed by
variations of CFE reaction time and/or lactose conversion time if necessary to further
increase output signal. The quantification workflow stays unchanged and remains robust

to complex samples.

3.3.3 Extending PGM applications to the detection of bacterial infections

We next tested if PGM-mediated analyte quantification could be extended to
quantify targets other than small molecules, as well as if the approach could use genetic
circuits based on regulators other than transcription factors. We chose to use toehold
switches recognizing Shiga toxin 1 and 2 genes (stx1 and stx2) to detect pathogenic E. coli

due to the clinical relevance of the problem>® and our previous work in developing these
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switches*®. Toehold switches work by RNA-RNA strand hybridization and displacement®
for sensitive and fairly specific detection of target sequences. The addition of a trigger
sequence complementary to the toehold and partial stem region of the switch unwinds the
inhibitory switch hairpin that would otherwise block translation, thereby allowing reporter

enzyme expression (Figure 3-6A).
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Figure 3-6 Application of PGM-mediated quantification of nucleic acids in CFE
reactions. (A) Schematic of toehold switch-modulated LacZ production and LacZ-
catalyzed lactose conversion to glucose output. Following 45 min of LacZ production
caused by RNA trigger activating a toehold switch to allow translation of LacZ, a
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mixture of the naproxen-lactose solution was added to quench the CFE reaction and
to start lactose conversion for 15 min. The converted glucose was then read on the
PGM for target analyte quantification. (B) Activation of stx1 toehold switch and
glucose output by RNA stx1 trigger. Linear glucose response was observed with a
logarithmic increment of RNA triggers from 20 to 2000 nM. The same experiment
was replicated on different days to verify consistency in glucose output. Replicates
(Rep) represent independently assembled reactions and error bars represent the
standard deviation of CFE reaction triplicates in each replicate. Dashed gray line
represents PGM’s lowest reading threshold, 20 mg/dL. (C) Activation of stx2 toehold
switch and glucose output by linear DNA coding for stx2 trigger, which can transcribe
RNA stx2 trigger in CFE reaction. Linear glucose response was observed with linear
increments of DNA stx2 trigger from 5 to 40 nM. Replicates (Rep) represent
independently assembled reactions and error bars represent the standard deviation
of CFE reaction triplicates in each replicate. Dashed gray line represents PGM’s
lowest reading threshold, 20 mg/dL.

Using the same strategy and assay times, we first demonstrated RNA-modulated
glucose output over time using a stx1 toehold switch with a LacZ reporter (Figure 3-6B).
DNA of stx1 triggers was amplified from the genomic DNA of Shiga toxin-producing E.
coli O157:H7 and served as a template for in vitro transcription to produce RNA stx1
triggers. A linear increase in glucose output was observed over logarithmic increments of
RNA stx1 triggers ranging from 20 nM to 2 uM, behavior consistent with RNA trigger-
activated toehold switch output in previous reports’®2°, Because RNA could also be made
from a linear DNA template coding for trigger transcription, we next tested if adding linear
DNA could modulate glucose production. We added linear DNA encoding RNA stx2
trigger amplified from genomic DNA of E. coli O157:H7 to activate an stx2 toehold switch
with a LacZ reporter. We observed higher glucose conversion and a lower detection limit

than for stx1 (Figure 3-6 C).

Compared to the zinc sensor, the toehold switches used here exhibited higher
background leakiness, as evidenced by the baseline (0 nM) readouts being approximately

50 mg/dL instead of the PGM’s minimum reading (20 mg/dL). This increased background
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is due to the use of a dialyzed CFE lysate with enhanced transcriptional activity for this
application, as well as due to optimizing switch plasmid concentrations for improved fold-
change in glucose readings over the range of trigger concentrations tested, both intentional
design decisions for this sensor. It is important to assess the background noise level during
the development of any new PGM-based sensor and then compensate for this noise via
reaction optimization to whatever extent is feasible. Ideally, background noise would be
below the PGM’s detection threshold, and reduction of sensor concentration, reaction time,
or lactose substrate concentrations could help achieve this goal, although sometimes other
design goals may conflict with this objective and constraint those reaction parameters.
Alternatively, a t-test could be done during development to establish the limit of detection
for distinguishing signal from noise, allowing identification of the corresponding PGM
readings that indicate only background noise. Nevertheless, our results demonstrate that a
lysate-based CFE reaction coupled to PGM quantification is a highly generalizable
platform compatible with multiple types of analyte inputs and multiple types of genetic

regulators.

Although our current nucleic acid sensors could not detect targets at physiologically
relevant concentrations (typically attomolar to femtomolar levels), an upstream
amplification step can be implemented to bring initial nucleic acid concentrations up to the
detection limit”°#7, Previous work has shown robust concentration-dependent toehold
switch activation with femto- to pico-molar of triggers amplified via isothermal
amplification techniques®. Further, we note that although for detection of infectious
diseases (such as COVID-19, Zika, and Ebola virus), a binary yes/no result may often be

sufficient for diagnosis”®1%2, there are many cases where continuous monitoring and
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quantification of viral load is essential for assessing treatment efficacy and determining
disease prognosisi®. Having a low-cost, portable, and reliable quantification device can
empower patients and healthcare workers to make faster and better medical decisions at

the point of need.

3.4 Discussion

Our work demonstrates that CFE lysate-based biosensors can be easily coupled to a
PGM for rapid and reliable analyte quantification at the point of need. The resulting
platform is highly generalizable, with demonstrated compatibility with different genetic
regulators, analyte types, and sample matrices. Previous efforts repurposing PGMs for
small molecule quantification have often used invertase-conjugated antibodies and DNA
oligomers, or reagent drop-out methods3®408688-92 \which have limitations in sensor
sensitivity, specificity, and generalizability toward the detection of other targets. Here we
show that interfacing synthetic circuits in CFE reactions adds an extensive library of
developed biosensors to PGM sensor design and allows users to fine-tune individual
sensing reactions with genetic regulators and signaling cascades. Indicative of the
modularity and generalizability of this approach, each of the sensing circuits used here was
originally developed in the context of different biosensors, but all could be directly
integrated into a PGM-based readout with some basic assay optimization (e.g., adjustment
of plasmid concentrations and reaction time). The modular utility of the transcription and
translation reactions used to transduce signals in CFE reactions means that diverse target
analytes can be detected with high sensitivity and specificity while providing critical

quantification.
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We further highlight that the CFE-based approach is an enabling platform for
improved test accessibility and use at the point of need. CFE biosensing reactions have
been demonstrated to retain their function after lyophilization”822242546 including those
based on lysates. As a result, these tests can be stored and shipped to testing sites without
the cold-chain requirements of PGM-mediated diagnostics that use invertase conjugated
antibody or aptamer approaches*®892 significantly enabling CFE-based diagnostics’
deployment to the point of need. Moreover, the use of lysate-based CFE in this work rather
than purified protein expression systems (like PUREXxpress) can reduce the cost of CFE
reagents by almost an order of magnitude®®’, making such an approach more feasible for
wide-scale deployment and more accessible to the developing world as well as to
consumers in developed countries. We also show that CFE metabolism can be exploited to
remove endogenous glucose initially present in complex samples (like human serum) in a
one-pot format, thereby eliminating an upstream processing step to remove endogenous
glucose that would otherwise be a requirement of a PGM-based method. At the point of
use, the operator simply needs to rehydrate the freeze-dried test reaction with sampled fluid
to activate the sensing reaction, incubate the sample for a set amount of time, and then add
the naproxen-lactose solution to shift the reaction to glucose production. A commercial
PGM strip would be used to measure the glucose produced, immediately generating a

numerical output on the PGM for result interpretation.

It is worth noting that for successful field deployment of these PGM-based sensors,
additional investigation will be necessary. One area that such investigations should focus
on is the reduction of batch-to-batch variability in crude lysate and reagent preparation.

Interlaboratory variability in cell-free lysate, reagent, and reaction preparation is known to
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potentially have an impact on quantitative outputs of CFE reactions'%4. When we assessed
the PGM’s ability to accurately quantify targets using CFE reactions from five crude lysate
batches, the inter-lysate variability was found to be low, though the variability due to
batches of CFE reagents was a bit higher (Appendix B.1 Assessment of Batch-to-Batch
Variability in Cell-Free Lysates, Figure 13). This suggests the importance of
standardization, quality assurance, and quality control if this process were to be scaled up
for manufacturing and distributed use. Another area worth further investigation is the
sensitivity of assay results to perturbations in the time and temperature during the LacZ
production and glucose conversion steps. If sensitivity to such perturbations is high, one
potential mitigating strategy would be to use a set of standards that could be run in parallel
with the test reaction for additional validation?®; we note that some PGMs already require
some degree of calibration by the user. Another possibility could be to engineer a
companion device to automate reagent dispensing and regulate reaction temperature and
timing. Prototypes for automated, sequential introduction of reagents'®>1% and portable
incubators®” have been developed by different labs for point-of-care diagnostics. Though
these additions would increase the capital cost of the equipment and the cost per assay, thus
limiting its potential use in low-resource environments, it would still be sufficiently

accessible for patient at-home use and clinic use in the developed world.

Nevertheless, our work provides an enabling advance toward inexpensive, point-of-
care sample quantification with simpler transportation and operator requirements and fast
result turnaround in 1 hr. We demonstrate that interfacing synthetic biology and CFE to
PGM-mediated analyte detection has the potential to enable accessible, affordable, and

reliable quantification of diverse analytes at the point of need.
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CHAPTER 4. INTERFACING CELL-FREE EXPRESSION
PLATFORMS WITH IMMUNOASSAYS FOR SENSITIVE

DETECTION OF PROTEIN BIOMARKERS

This work was done in collaboration with Dr. Shreyas Dahotre, Aaron D. Silva Trenkle,
and Dr. Liangjun Zhao, under the supervision of Dr. M.G. Finn, Dr. Gabriel A. Kwong,
and Dr. Mark P. Styczynski. Dr. Shreyas Dahotre and Aaron D. Silva Trenkle played a
significant role in DNA-antibody conjugation. Dr. Liangjun Zhao played a significant role

in DNA barcode synthesis and conceptual design.

4.1 Introduction

The novel coronavirus (SARS-CoV-2) disease has highlighted the need for scalable
and rapidly reconfigurable diagnostics to track and contain the disease and its variants.
Virus mutations resulting in the Delta, Omicron, and other variants of concern could alter
the transmission rate and evade detection in current diagnostic tests'%-1%, As a result, there
is a critical need to develop sensitive and accessible diagnostic tests to detect and
distinguish the original SARS-CoV-2 strain and the circulating variants to better inform

medical treatment and public health policies.

Currently, all identification of SARS-CoV-2 variants is done by genome sequencing
and constrained to hospitals and specialized clinical laboratories, making these assays cost-
prohibitive to implement at the population scale!’®. Since SARS-CoV-2 variants of concern

carry a series of mutations on the spike proteinl®’-19911 an antigen-based diagnostic
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targeting distinct mutated epitopes of spike proteins could enable large-scale virus strain

tracking at or near the point of care.

However, there are critical challenges in implementing antigen-based variant
subtyping assays. First, sensitive and specific spike epitope detection antibodies need to be
raised to recognize distinct epitopes of the wildtype SARS-CoV-2 from variants of
concern. Since specific antibodies have been raised successfully to distinguish spike
proteins from SARS-CoV-1 and SARS-CoV-2 at the beginning of the pandemic!'?, there
exists the possibility to raise specific antibodies capable of distinguishing distinct spike
protein epitopes of SARS-CoV-2 and its variants of concern. Another critical roadblock is
the lack of sensitivity in antigen-based diagnostics compared to nucleic acid-based
diagnostics'??, as the latter can go through exponential nucleic acid amplification cycles.
As a result, improving the sensitivity of current immunoassays can drastically increase
clinical adoption and expand the accessibility of SARS-CoV-2 and variant detection

diagnostics.

We envision that cell-free expression (CFE) systems can respond to the result of an
immunoassay by simply labeling the detection antibody with a piece of DNA barcode with
genetic information!'4. The genetic information embedded in the DNA barcode can then
be transcribed and translated in the CFE reaction, producing reporter enzymes with
colorimetric outputs (Figure 4-1). The resulting assay platform can endow immunoassays
with higher sensitivity by enabling multiple signal amplification steps, including
transcription, translation, and enzymatic conversion. Moreover, the resulting platform can

be highly reconfigurable and scalable to detect multiple protein targets in the same sample
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simply by adding new detection antibodies with unique barcodes for more sensitive

detection in a CFE system.

Figure 4-1 Schematic of the sandwich immunoassay interfaced with a CFE system. In
this setup, protein antigen binding to the capture and detection antibodies allows
retention of DNA barcode in wells after the wash steps. CFE reactions can then be
added to transcribe (TX) and translate (TL) the genetic information embedded in the
DNA barcode. Once the reporter enzyme is produced, it can cleave a colorimetric
substrate and produce visually detectable outputs.

In this work, | assessed the feasibility of relaying protein detection signals from
immunoassays to CFE systems via conjugation of DNA barcodes onto detection
antibodies. | then demonstrated successful coupling of immunoassay and protein detection
reporting via DNA-barcode mediated reporter complementation and pigment production
in CFE systems. The possibility of multiplexing protein detection with the development of
a duplex immunoassay was explored. | demonstrated DNA barcode-mediated activation of
beta-galactosidase (LacZ) and catechol-2,3-dioxygenase (C23DO) enzymes to produce
distinct colors (blue and yellow, respectively) in CFE systems, with emerging applications

for identifying different strains of coronaviruses.

4.2 Materials and Methods
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4.2.1 DNA preparation

Sequences for all DNA constructs and plasmids used in this study are provided in
the C.1 Sequence Information. DNA oligonucleotides used for DNA-antibody conjugation
were synthesized by Integrated DNA Technologies with amine modification (AmC6) at
the 5” end. Linear, double-stranded DNA encoding LacZ alpha fragment or RNA triggers
used in experiments were amplified from plasmid template either by PCR with Q5 DNA
Polymerase (New England Biolabs). Amplified DNA was run on a 2 w/v% agarose gel to
verify successful amplification of targets and then purified using a PCR purification Kit

(Omega Bio-Tek).

E. coli strain DH10B was used for all cloning and plasmid preparations. Eurofins
Genomics synthesized DNA oligonucleotides for cloning and sequencing. Plasmid DNA
used for all CFE reactions was purified from EZNA midiprep or maxiprep columns
(OMEGA Bio-Tek), followed by isopropanol and ethanol precipitation. The purified DNA
pellets were reconstituted in the elution buffer, measured on a Nanodrop 2000 for

concentration, and stored at -20 °C until use.

4.2.2 DNA-antibody conjugate preparation

Detection antibody for conjugation was mixed with 50-fold excess succinimidyl-6-
hydrazino-nicotinamide (S-HyNic from Solulink) crosslinker. Amine-functionalized DNA
barcodes were mixed with 20-fold excess succinimidyl-4-formylbenzamide (S-4FB)
crosslinker in a separate tube. Both reactions were incubated at room temperature for 4
hours before citrate buffer exchange (50 mM sodium citrate, 150 mM NaCl, pH 6) to

remove excess linkers in the Ab-linker reaction and DNA-linker reaction using 0.5 mL
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Amicon spin filters at 30K and 10K, respectively. Functionalized DNA was combined with
antibodies at a 5:1 ratio and reacted overnight. The conjugated products were purified the
following morning on a Superdex 200 Increase 10/300 GL column using an AKTA Pure
FPLC (GE Healthcare). Purified conjugation products were verified by SDS-PAGE with

Coomassie staining.

4.2.3 Sandwich immunoassay for spike protein detection

Capture antibodies (3F2%1?, gift of Dr. Goldstein at the Center for Disease Control
(CDC), for SARS-CoV-2 Spike/RBD protein detection or 40150-D003, Sino Biological,
for SARS-CoV-1/2 Spike/RBD proteins detection) were diluted to 2 pg/mL in 50 mM
carbonate/bicarbonate buffer at pH 9.6 and added to high binding 96-well half-area
microplates (Corning) at 100 pL per microwell. The microplate was sealed with an
adhesive plate cover and incubated overnight at 4 °C. The coating solution was removed
the following day, and the wells were washed 4 times with 125 pL of Wash Buffer (PBS

with 0.05% Tween-20) to remove unbound antibodies.

Following the wash step, 125 uL of Blocking Buffer (PBS with 1 % w/v Casein)
was added to each well. The plate was sealed with a plate cover and incubated for 1 hr at
room temperature. The Blocking Buffer was then removed, and 100 pL of samples
containing different concentrations of Spike/RBD proteins (40634-V08B for SARS-CoV-
1, Sino Biological, and the gift of Dr. Goldstein at CDC for SARS-CoV-2 Spike/RBD)
diluted in the Blocking Buffer were added to the microwell and incubated for 1 hr at room
temperature with shaking. The samples were then removed, and the wells were washed 4

times with 125 pL of Wash Buffer.
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After the wash step, oligo-conjugated detection antibodies (3A7%2 for SARS-CoV-
2 Spike/RBD protein detection, or 40150-MMO08 and 40592-R001 (Sino Biological) for
SARS-CoV-1/2 Spike/RBD proteins detection, respectively) were diluted to 1 pg/mL in
Blocking Buffer and added to each microwell at 100 pL. The plate was incubated at room
temperature for 1 hr with shaking. The antibody solution was then removed, and the wells
were washed 4 times with 125 pL of Wash Buffer. After the final wash step, the remaining
oligo-conjugated detection antibodies become the templates of CFE reaction or isothermal

nucleic acid amplification.

4.2.4 Crude E. coli lysate preparation

Cellular lysate for all experiments was prepared as described by Sun et al.® with a
few protocol modifications. Briefly, BL21 Star (DE3) AlaclZYA cells were grown in a 2x
YTP medium at 37 °C and 220 rpm to an optical density (OD) of 0.3-0.5 for IPTG induction
at 0.4 mM to activate the expression of T7 RNAP Polymerase. The cells were grown further
until the OD was 1.5-2.0, corresponding to the mid-exponential growth phase. Cells were
centrifuged at 2700 rcf and washed three times with S30A buffer (50 mM tris, 14 mM
magnesium glutamate, 60 mM potassium glutamate, 2 mM dithiothreitol, and pH-corrected
to 7.7 with acetic acid). After the final centrifugation, the wet cell mass was determined,
and cells were resuspended in 1 mL of S30A buffer per 1 g of wet cell mass. The cellular
resuspension was divided into 1 mL aliquots. Cells were lysed using a Q125 sonicator
(Qsonica) at 20 kHz and 50% amplitude. Cells were sonicated on ice with cycles of 10 s
on and 10 s off, delivering approximately 200 J, at which point the cells appeared visibly
lysed. An additional 4 mM dithiothreitol was added to each tube, and the sonicated mixture

was then centrifuged at 12,000 rcf and 4 °C for 10 min. After centrifugation, the supernatant
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was removed and incubated at 37 “C and 220 rpm for 80 min for lysate runoff reaction.
After this runoff reaction, the cellular lysate was centrifuged at 12,000 rcf and 4 °C for 10
min. The supernatant was removed and loaded into a 10 kDa molecular weight cutoff
dialysis cassette (Thermo Fisher). The lysate was dialyzed in 1 liter of S30B buffer (14
mM magnesium glutamate, 60 mM potassium glutamate, 1 mM dithiothreitol, and pH-
corrected to 8.2 with tris) at 4 °C for 3 hours. Dialyzed lysate was removed and centrifuged
at 12,000 rcf and 4 °C for 10 min. The supernatant was removed, aliquoted in volumes of

100 pL, and stored at -80 °C for future use.

4.25 PURE system and lysate-based CFE reaction preparations

CFE reactions using PURE systems, PUREfrex® (Gene Frontier) and
PURExpress® (New England Biolabs), were assembled according to manufacturers’
protocols. Specific concentrations of plasmid DNA are provided in Appendix C.2 CFE
Reaction Conditions. For colorimetric reactions, chlorophenol red-B-D-galactopyranoside
(CPRG) substrate was added at 0.6 mg/mL, 5-Bromo-4-chloro-3-indolyl pB-D-
galactopyranoside (X-gal) substrate was added at 0.4 mg/mL, and catechol substrate was
added at 4 mM. All reactions were assembled on ice, and the reaction master mix was
vortexed at a medium-high setting to ensure homogenous mixing before being aliquoted

into individual reactions.

The CFE reaction composition was as previously described by Kwon and Jewett!’.
All lysate and reagent master mixes were thawed on ice and had no more than 3 freeze-

thaw cycles. All reactions were assembled on ice and in PCR tube strips. The reaction
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master mix containing lysate was vortexed briefly at a medium-high setting to ensure

homogenous mixing before being aliquoted into individual reactions.

4.2.6 Data collection

For reactions measured with a plate reader, each CFE reaction was 5-10 pL in
volume and pipetted into a clear-bottomed 384-well plate (Greiner Bio-One) for
fluorescence and absorbance measurement. Kinetic reads were performed in a plate reader
(Synergy4, BioTek) at 37 °C for 1-2 hr. The filter setting for GFP measurement was
485/510 nm excitation/emission wavelengths, with the gain set at 70. The Alexa Fluor 488
measurement filter setting was 485/528 nm excitation/emission wavelengths, with the gain
set at 100. For Alexa Fluor 595, measurement was at 590/620 nm excitation/emission
wavelengths, with the gain set at 150. The absorbance measurement wavelength for
reactions with CPRG was at 580 nm, X-gal at 615 nm, and catechol at 385 nm. All plates

were sealed with a transparent, adhesive film during incubation to prevent evaporation.

All images were taken using either iPhone X or iPhone 13 (Apple) with the default
photography application in a light-controlled setting. A brightness filter was uniformly
applied to all photos to reflect their visual appearance to the naked eye, and the background

of images was cropped in Adobe Photoshop.

4.3 Results

4.3.1 Antibody-conjugated DNA barcodes activate reporter expression in CFE systems

One critical consideration in CFE-mediated detection of spike protein antigen is

whether the genetic information embedded in the DNA barcodes can be successfully
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interpreted after conjugation onto detection antibodies. We first verified the CFE system's
capability to decode DNA barcodes via a 200-mer double-stranded DNA conjugated to a
detection antibody. The 200-mer DNA carries the genetic information to transcribe and
translate the alpha fragment of the LacZ enzyme. Once translated, the alpha fragment
reassembles with the omega fragment of LacZ and becomes a fully active enzyme!*®. The
reassembled LacZ enzyme activity was assessed by its ability to cleave the CRPG substrate
to chlorophenol red (CPR), producing color changes from yellow to purple?®. The intensity

of the color change depends on the concentration of DNA barcodes in a CFE reaction.

A reconstituted CFE platform (PUREfrex®) was used to improve the stability of
the linear DNA barcodes in reaction. Compared to lysate-based CFE platforms, a
reconstituted system of purified proteins (PURE) lacks endonucleases that would otherwise
degrade linear DNA, ensuring the stability of antibody-conjugated DNA barcode for
expressing LacZ alpha fragment®l. To assess the functionality of antibody-conjugated
DNA barcodes, free and conjugated DNA barcodes were added to a CFE reaction
constitutively expressing the LacZ omega fragment. In the range of LacZ alpha fragment
DNA concentration tested (50 fM — 5 nM), it was found that antibody-conjugated DNA
barcodes could be successfully expressed in CFE systems but lost one order of magnitude
in sensitivity compared to free barcodes (Figure 4-2). Furthermore, significant background

activity of the PUREfrex® system was observed and investigated further in Section 4.3.3.
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Figure 4-2 Activity comparison of free DNA barcode (Free) and antibody-conjugated
DNA barcode (Conj) to express LacZ alpha fragment in the PUREfrex® system. (A)
Schematic of free and conjugated DNA-activated enzyme expression and enzymatic
catalyzed CPRG conversion. DNA barcode expresses the alpha fragment of the LacZ
enzyme. The alpha fragment can then reassemble with the LacZ omega fragment and
catalyze CPRG conversion to CPR. (B) Conjugated DNA barcodes have slower
activity and lose one order of magnitude in sensitivity compared to unconjugated, free
barcodes. A negative control without DNA expressing LacZ alpha fragment (-) was
included to characterize the reaction background. Reactions were run on a plate
reader at 37 °C for 100 min, with purple pigment absorbance read at 580 nm every 2
min. The error bar represents the standard deviation of reaction triplicates.

4.3.2 Antigen dose-response modulated activation of reporter expression
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Following successful expression of antibody-conjugated DNA in CFE system,
immunoassay-coupled barcode expression and color change in CFE reaction were
demonstrated. In this setup, antigen detection was performed similarly to a conventional
ELISA (see Section 4.2.3). The detection antibody is conjugated to a DNA barcode to
express the LacZ alpha fragment in the CFE reaction. The LacZ alpha fragment expression
levels are indirectly modulated by the concentration of the SARS-CoV-2 Spike/RBD
proteins complexed to the capture and detection antibodies. The more Spike/RBD antigens
complexed, the more detection antibodies with DNA barcodes present in the CFE reaction,
producing more LacZ enzyme to catalyze the conversion of CPRG to purple pigment. The
assay was able to detect 1 ng/mL of the Spike/RBD antigen using a plate reader and 16
ng/mL via visual detection. (Figure 4-3). This demonstrates that the developed CFE
platform can successfully interface with conventional immunoassays to produce

colorimetric outputs for equipment-free detection of SARS-CoV-2.
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Figure 4-3 Sensitivity of sandwich immunoassay interfaced with the PUREfrex®
platform. The developed assay has a 1 ng/mL Spike/RBD protein detection limit on
the plate reader and a 16 ng/mL visual detection limit. Sandwich immunoassay was
performed at room temperature, and CFE reactions were tracked on a plate reader
at 37 °C. Purple pigment absorbance was measured every 2 minutes at 580 nm. Error
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bars indicate biological duplicates. Photos indicate the terminal reaction color at 2
hours.

4.3.3 Optimizing PURE system-based CFE platform to reduce background signal

In carrying out these assays, significant background LacZ activities were observed
in reactions without any LacZ alpha fragments (Figure 4-2 and Figure 4-3). This was found
to be caused by LacZ enzyme contamination of PUREfrex® systems (Figure 4-4), possibly
from the protein purification process. If used for a sensor designed to be visually
interpretable, this background contamination could make it difficult to detect color changes
at low Spike/RBD protein concentrations. To address this issue, the level of background
LacZ activity of the PUREfrex® system with another commercial PURE system,
PUREXxpress®, was compared (Figure 4-4). It was found that PURExpress® had lower
LacZ background contamination, making it a better CFE platform for downstream assay

development.
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Figure 4-4 Background LacZ contamination assessment in PUREfrex® and
PUREXxpress® systems. Each CFE reaction was supplemented with a range of DNA
coding for LacZ omega fragment expression, which should have minimal activity for
cleaving CPRG to CPR without complementation of the alpha fragment. Negative
control reactions (-) without any DNA increased in pigment conversion in the
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PURETfrex® system (left). The negative control reaction (-) in PUREXxpress® did not
substantially increase pigment conversion, indicating minimal LacZ background
contamination (right). Reactions were incubated on the plate reader at 37 °C for 2
hours. Absorbance measurements were taken every 2 minutes at 580 nm. Error bars
in PUREfrex® reactions represent reaction triplicates. PURExpress® reactions
shown are single reactions. Photos indicate terminal reaction color at 2 hours.

4.3.4 Designing a two-enzyme duplex platform to distinguish SARS variants

After verifying gene expression from antibody-conjugated DNA barcodes in a
sandwich ELISA format, | proceeded to reconfigure the assay platform for antigen
multiplexing. Because antibodies specifically targeting distinct, mutated epitopes of
SARS-CoV-2 variants of concern are not currently available, detection of different strains
of coronaviruses (SARS-CoV-1 and SARS-CoV-2) was used as a proof of principle
(Figure 4-5A). To distinguish and report on the presence of either strain of the
coronaviruses, unique DNA barcodes were attached to different detection antibodies

targeting SARS-CoV-1 and SARS-CoV-2.

Each DNA barcode was a different toehold switch trigger designed to activate a
different color-converting enzyme. Toehold switches design was adopted here due to their
shorter length for antibody conjugation (under 200 nucleotides). DNA barcode conjugated
to SARS-CoV-1 antibody is a trigger that activates the LacZ expression under its respective
toehold switch, converting a colorless substrate, X-gal, to a blue precipitate*®. The barcode
on the SARS-CoV-2 antibody is another trigger sequence to activate catechol-2,3-
dioxygenase (C23DO), which converts a colorless catechol substrate to a bright yellow
pigment’” (Figure 4-5C, D). Although unlikely in a clinical sample, the presence of both
SARS-CoV-1 and SARS-CoV-2 would activate substrate conversion for both enzymes,

leading to a third, distinct, green color output. Successful duplexed detection of these two
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strains of coronaviruses would provide proof of principle of our assay's ability to identify
SARS-CoV-2 and its variants of concern in a single test, given the availability of variant-

specific antibodies.
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Figure 4-5 Schematic of the proposed duplex platform to detect SARS-CoV-1 and
SARS-CoV-2 infection in a single test. (A) Unique DNA barcodes A and B are
conjugated to detection antibodies targeting Spike/RBDs of SARS-CoV-1 and SARS-
CoV-2, respectively. A broad-spectrum capture antibody will be used to enable
Spike/RBD protein detection in duplex format. (B) Two orthogonal toehold switches
are used to express LacZ and C23DO reporter proteins in the presence of RNA
triggers A and B, respectively. (C-D) CFE expression of RNA triggers encoded in
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barcodes A and B their respective enzymes, LacZ and C23DO, to produce visually
distinguishable blue and yellow colors.

| first prototyped catechol conversion to yellow pigment by the C23DO enzyme in
PURExpress®. Surprisingly, no catechol conversion was observed in 2 hours of reaction
time (Figure 4-6A) despite being demonstrated to work in a lysate-based CFE system?”.
Upon further investigation, it was found that Fe?* is an essential cofactor for C23DO-
mediated catalysis of catechol'*® and possibly depleted in the protein purification process
to make PURE systems, resulting in the inability of C23DO to catalyze catechol

conversion. By supplementing the reactions with 1 mM of Fe?*, C23DO-catalyzed yellow

pigment production was restored (Figure 4-6B).
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Figure 4-6 Assessment of enzyme activities and the impact of iron cofactors in
PUREXxpress® reactions. (A) 5 nM of DNA constitutively expressing C23DO enzyme
could not catalyze yellow color production without supplementation of Fe?* cofactor.
(B) Supplementation of 1 mM Fe?* enabled C23DO catalyzed conversion of catechol.
Reactions were monitored for 2 hours on a plate reader at 37 °C, and the yellow
pigment was monitored at 385 nm. Error bars represent the standard deviation of
reaction triplicates. (C) Direct supplementation of 1 mM Fe?* in PUREXpress®
resulted in visible iron precipitate. While this precipitate is resolubilized in reaction
expressing C23DO for clear visualization of yellow pigment after 1-hour incubation
at 37 °C, the precipitate obscured blue pigment visualization from reaction expressing

LacZ enzyme.
However, the addition of millimolar levels of Fe?* into the PURE reaction resulted

in the oxidation of Fe?* to Fe3* and precipitation of Fe3* in reactions. While the dark purple
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Fe3* precipitate could be resolubilized in reactions expressing C23DO, this color remained
in reactions expressing the LacZ enzyme and obscured the blue pigments generated (Figure
4-6C). As a result, different additives to prevent Fe?* to Fe3* oxidation in PURE reactions

were explored to minimize Fe3* precipitation and color interference.

Vitamin C (ascorbic acid) and citric acid are two well-known antioxidants that
could minimize Fe?* oxidation to Fe3* in the CFE reaction environment, thereby reducing
the color interference that occurs at the current level of iron supplemented®!’. 1 mM of each
additive was supplemented in PUREXxpress® reactions constitutively expressing the
C23DO enzyme. When both vitamin C and citric acid were added to the reaction, just 50
UM of Fe?* could catalyze the production of yellow color pigment in under 30 minutes,
and the pigment was more strongly produced than vitamin C alone (Figure 4-7). Addition
of both vitamin C and citric acid significantly reduced the amount of Fe?* required (20-fold
reduction from 1 mM to 50 uM) and minimized purple Fe3* precipitation in the reaction to

enable clear visualization of blue pigments produced by the LacZ enzyme.
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Figure 4-7 The addition of antioxidants prevented Fe?* oxidation in PUREXxpress®.
Fe?* was supplemented in reactions expressing C23DO enzyme over a range of
concentrations from 10 — 500 puM. Adding vitamin C (Vit C) and citric acid
significantly reduced the required Fe?* and unwanted oxidation compared to
reactions without antioxidants (Figure 4-6), producing the desired bright yellow
pigment. Reactions were incubated at 37 °C for 30 minutes.

4.3.5 Demonstrating barcode-modulated enzyme activation in CFE systems

After successfully establishing C23DO-mediated yellow pigment production in
PUREXxpress®, | proceeded to verify the barcode-modulated activation of LacZ and
C23DO enzymes in the reaction. In this design, each barcode is a linear DNA fragment
encoding 30-36 nucleotides of RNA triggers. Once transcribed in the reaction, individual
RNA triggers hybridize to their respective toehold switches and activate downstream

enzyme expression®.

For this demonstration, | used two previously developed orthogonal toehold
switches®48, | first tested RNA trigger-activated C23DO expression from its cognate

toehold switch. Surprisingly, no trigger-mediated activation of C23DO was observed in
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PURExpress® reactions. Specifically, 1 found that toehold switches were severely
transcriptionally limited in PURE systems compared to lysate-based systems*¢:8, Although
PURE systems were initially selected for improved stability of linear DNA barcodes in the
reaction, transcriptional limitations in PURE systems significantly inhibited enzyme
expression modulated by toehold switches. In fact, previous demonstrations of toehold
switch activation in commercial PUREXxpress® reactions all required RNA triggers to be
prepared from separate in vitro transcription reactions and added at high nanomolar to
micromolar concentrations’®. As a result, the dual-color antigen duplex test was developed

in a lysate-based CFE system moving forward.
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Figure 4-8 Low sensitivity of trigger barcode-activated enzyme expression in
PUREXxpress® systems — 5 nM DNA barcodes coding for RNA triggers could not elicit
detectable enzyme production. Reactions were incubated at 37 °C with absorbance
monitored at 385 nm every 5 minutes. Error bars represent the standard deviation of
reaction triplicates.

4.3.6 Demonstrating barcode-modulated enzyme activation in lysate-based CFE systems

In a lysate-based CFE system, endonucleases (such as the RecBCD complex) can
rapidly degrade linear DNA barcodes®®. This degradation could be problematic for our
assay because these linear DNA barcodes are the templates to generate RNA triggers to

activate enzyme production. Endonuclease inhibitors such as yDNA can be added to protect
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these DNA barcodes. | began by first titrating different yDNA concentrations in CFE

reactions and observed that 5 UM of yDNA is sufficient for linear DNA barcode protection

(Figure 4-9).
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Figure 4-9 Linear DNA protection capabilities of xDNA endonuclease inhibitor.
Different concentrations of yDNA were tested for the ability to protect 5 nM of DNA
barcode to produce RNA trigger expression to activate green fluorescent protein
(GFP) expression. 5 uM yDNA offered the best barcode protection in the range of
concentrations tested. GFP fluorescence was measured on a plate reader (485 nm
excitation, 510 nm emission) after incubation at 37 °C for 2 hours. Error bars
represent the standard deviation of reaction triplicates.

After optimizing the lysate-based CFE system, | proceeded to verify DNA barcode-
activated expression of the individual enzymes to be used. Two switch configurations were
tested. In the first configuration, trigger B activates LacZ enzyme production from switch
B, and trigger S2 activates C23DO enzyme production from switch S2 (Figure 4-10A). The
toehold switches activating each enzyme were then swapped, with trigger S2 activating
LacZ and trigger B activating C23DO (Figure 4-10B). Successful switch activation and

color generation in lysate-based CFE systems were observed with 5 nM of triggers.

Furthermore, there was sufficient Fe?* cofactor in the cell lysate to enable C23DO
catalysis without adding antioxidants in both configurations. Pigment production in the

first configuration was also less impacted by co-expression of both enzymes in the switch

93



concentrations tested and was selected to be the more optimal configuration to use going
forward. It is possible for the second configuration to behave similarly to the first with

additional optimization of different switch concentrations.
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Figure 4-10 Two toehold switches (B and S2) specifically activated their respective
enzymes to produce visually distinct colors in crude cell lysate systems. (A) The
addition of triggers B, S2, or both strongly activated the expression of LacZ, C23DO,
and both enzymes, respectively. (B) The switches were swapped for enzyme
activation. The addition of triggers S2, B2, or both strongly activated the expression
of Lacz, C23DO, or both enzymes, respectively. Compared to the configuration
shown in (A), co-expression of both triggers significantly impacted yellow pigment
generation. Yellow pigment production was monitored at 385 nm, and blue pigment
production was monitored at 615 nm. Reactions were incubated at 37 °C for 2 hours,
with absorbances monitored every 2 minutes. Error bars represent reaction
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triplicates. Photo depicts terminal reaction colors in different trigger addition
scenarios after 2 hours of incubation.

4.3.7 Toward a duplex SARS-CoV-1 and SARS-CoV-2 detection platform

After optimizing the necessary CFE framework for a two-color antigen test, the
next step was to validate the duplex immunoassay to be interfaced with the CFE system. |
first identified a broad-spectrum antibody (40150-D003 from Sino Biological) capable of
binding to Spike/RBD proteins from both strains of coronaviruses to serve as the capture
antibody in the sandwiched immunoassay format. The sensitivity and specificity of a
mixture of detection antibodies targeting the spike/RBD proteins SARS-CoV-1 and 2
(40150-MMO08 and 40592-R001 from Sino Biological, respectively) in a sandwich

immunoassay format with fluorescent secondary antibodies were then assessed.

Since the two detection antibodies are raised on different animal isotypes (mouse
and rabbit), a mixture of fluorescently-labeled anti-mouse and anti-rabbit secondary
antibodies could be used to report on the detection antibody complexed in the
immunoassay. The proposed duplex immunoassay to detect and distinguish SARS-CoV-1
and 2 was successfully validated by tracking the fluorescence intensity of bound secondary
antibodies measured on the plate reader (Figure 4-11). The current assay detects SARS-
CoV-1 Spike/RBD protein at 1 pg/mL and SARS-CoV-2 at 0.1 pg/mL. Significant
improvements in antigen sensitivity are anticipated once this immunoassay is interfaced
with CFE reactions having transcription, translation, and enzymatic amplification.
Nevertheless, this immunoassay platform established the necessary framework to detect

different protein antigens with colorimetric result generation using CFE reactions.
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Figure 4-11 Development of a sandwich, duplex immunoassay to detect and
distinguish Spike/RBD proteins from SARS-CoV-1 and SARS-CoV-2. (A) Schematic
of the sandwich immunoassay format. A broad-spectrum capture antibody is used to
bind Spike/RBD proteins from both strains of coronavirus. A mixture of SARS-CoV-
1 and SARS-CoV-2 detection antibodies enables specific binding to the respective
Spike/RBD proteins immobilized on capture antibodies. Fluorescence-labeled
secondary antibodies were used to report the detection of antibody binding to the
immobilized antigen. (B-C) SARS-CoV-1 Spike/RBD binding is detected at 590/620
nm (excitation/ emission), and SARS-CoV-2 is detected at 485/528 nm. Sandwich
immunoassay was carried out at room temperature. Error bars represent reaction
triplicates.

4.4 Discussion

In this work, I have successfully interfaced immunoassays detecting protein antigens
with CFE systems. | showed that DNA barcodes conjugated to detection antibodies could
transduce protein detection signals from immunoassays to activate reporter generation in

CFE systems. | demonstrated successful immunoassay detection of SARS-CoV-2
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Spike/RBD protein with colorimetric CFE reaction outputs using DNA barcode-

conjugated detection antibodies.

| further developed and optimized the necessary components for a two-color duplex
antigen test that can be extended to detect SARS-CoV-2 variants. | first characterized
different CFE systems (PURE and cell lysate) for their compatibility with LacZ and
C23DO enzyme expression and their ability to sensitively interpret DNA signals linking
protein detection events to reporter production via toehold switches. In doing so, | found
that while commercialized PURE systems were often regarded as more reliable and better
in performance, they are deficient in necessary metal cofactors and are less amenable to
customizations possible for in-house prepared bacterial cell lysates. In particular, it was
found that the PURE system is deficient in Fe?*, which is vital for the C23DO enzyme-
mediated catalysis of catechol to produce yellow pigments. Moreover, | found that toehold
switches are severely transcriptionally limited in PURE systems — 5 nM of trigger DNA
strongly activated C23DO enzyme production in lysate-based systems, but no activation

was observed in PURE.

These findings were quite surprising: we previously thought that PURE systems
would allow significantly more sensitive detection than lysates due to their deficiency in
nucleases that destroys linear DNA templates and RNA signals®®. The results showed the
contrary. Despite containing RecBCD nucleases rapidly degrading linear DNA templates,
lysate-based systems can still strongly express linear DNA signals when supplemented
with nuclease-stalling yDNA. To address transcriptional limitation in toehold switches,
cell-free lysates could be enriched with T7 RNA polymerases via IPTG induction on E.

coli BL21 Star (DE3) cells during lysate preparation steps (Methods 4.2.4)%6:85, Direct
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supplementation of purified T7 RNAP into PURE reactions did not yield improvements in

toehold switch sensitivity (data not shown).

For multiple protein detection, given that antibodies specifically targeting distinct,
mutated epitopes of SARS-CoV-2 variants of concern are not currently available,
successful detection of SARS-CoV-1 and SARS-CoV-2 would be the closest proof-of-
principle. We created a duplex immunoassay using a broad-spectrum capture antibody
binding to spike/RBD proteins from SARS-CoV-1 and SARS-CoV-2 along with
coronavirus strain-specific detection antibodies to report on spike/RBD binding.
Immediate next steps would be to conjugate the DNA trigger barcodes developed in this
chapter onto different coronavirus detection antibodies to relay the barcode signal to the
CFE reaction. The CFE reaction could then produce a colorimetric output based on the

DNA barcode and identify coronavirus strains and variants.

Following the successful demonstration of duplexed antigen detection, the next step
would be to validate the assay's sensitivity to targets. The assay’s sensitivity would be
compared to commercial antigen rapid tests and clinically relevant antigen concentrations.
Additional DNA amplification strategies (such as Recombinase Polymerase Amplification,
RPA5®) could be used to amplify DNA barcodes from antigen-bound detection antibodies
for ultrasensitive detection and identification of coronavirus strains and variants. Taken
together, this work provides the proof-of-principle for CFE system interfaced detection of
protein antigens, with emerging applications for more widely-deployable variant subtyping

for SARS-CoV-2.
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CHAPTERS. CONCLUSIONS AND FUTURE DIRECTIONS

In this thesis, | have augmented CFE biosensors with various interfaces to address
their current shortcomings for implementation in clinical and point-of-care settings. In this
chapter, I will discuss the novelty and contribution of this thesis in advancing the point-of-
care implementation of CFE biosensors. | will also discuss some remaining steps necessary

for field implementation and future directions.

5.1 Novelty of This Thesis Research

While CFE biosensors have been developed to detect diverse classes of analytes,
one limitation to their potential long-term impact is that they can only detect one analyte
at a time*. Biological samples clinicians seek to detect in the field typically have complex
analyte profiles spanning multiple classes of biomarkers?5:118 requiring multiple tests to be
ordered and multiple samples being acquired for accurate diagnosis. In addition to lacking
multiplexed detection capabilities, an overwhelming majority of CFE biosensors designed
for point-of-care use can only test for the presence-or-absence of analytes, not their
concentrations®®°, Yet, accurate quantification of biomarkers is critical for diagnosing
many diseases and assessing treatment efficacy. Lastly, very few CFE biosensors can
detect protein biomarkers. While lateral flow immunoassays have been developed for
protein detection and used for at-home rapid tests, these assays lack sensitivity and detect
only one protein biomarker*'3. Coupling immunoassays to a field-friendly CFE biosensing
platform can provide additional signal amplification and multiplexed detection, enabling

sensitive detection of multiple proteins near the point of care.
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5.1.1 Novelty of protocell arrays

CFE systems have been implemented in multiple liquid-liquid phase-separated
systems to study membrane-less protocells®”:38, but their applications in multiplexed
analyte detection have not been explored. | demonstrate that individual membrane-less,
phase-separated protocells compartmentalizing CFE biosensors can co-exist in the same
environment to detect multiple analytes from the same sample. This resulted in a highly
customizable platform for the development of diagnostic panels. The phase separation of
protocell biosensors reduced undesirable crosstalk among multiple gene circuits expressing
different biosensors, which has been a common obstacle in multiplexed biosensor designs.
Additionally, phase separation of protocell arrays enabled selective optimization of
individual CFE biosensing reactions in protocells by using differently prepared crude-cell
lysates or incorporating necessary protein or nucleic acid additives, minimizing their

impacts on neighboring protocell sensors.

| also show that topographical micro-basin features patterned on the floor of
standardized 96-well plate format microwells enabled the simple spatial separation of
coexisting protocell biosensors. This spatial separation allows for multiple biosensors to
use the same reporter for signal readout, drastically reducing the complexity of diagnostic
panel development. The test user simply needs to match the location of the reporter signal

to the corresponding sensor location to interpret the test result.

Phase and spatial separation of protocell biosensors also enhance the test
customizability and reconfigurability. As demonstrated in CHAPTER 2, each CFE

biosensor is prototyped independently of the other and functions similarly when combined
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with other protocell cell sensors. This indicates that a customizable protocell array testing
panel can be rapidly assembled from existing protocell sensors. To update the testing panel,
one can simply replace the existing sensor or remove it without impacting other protocell
sensors in the same environment, which is typically not possible in conventional cell-free

multiplexing approaches?8-30,

Furthermore, conventional multiplexed analyte detection assay can only detect one
class of analytes (only small molecules or only nucleic acids)?. To report on multiple
classes of molecules, multiple instruments (such as different mass spectrometry and
polymerase chain reaction machines) are required for sample analysis. | show that coupling
aqueous two-phase systems with CFE biosensors can be easily configured to detect diverse
classes of analytes from ions to small molecules to nucleic acids by merely reprogramming
the DNA sequence coding for different biosensors. Taken together, my work expands the
reach of CFE biosensors and provides the foundation for developing customizable

“diagnostic chips” for simultaneous detection of diverse analytes.

5.1.2 Novelty of personal glucose monitor-mediated CFE biosensor quantification

Numerous CFE biosensors have been developed to detect analytes, but rapid and
reliable analyte quantification using CFE systems at the point of care remains a challenging
feat. 1 have shown that CFE biosensors can produce glucose as a reporter and interface
with a personal glucose monitor to provide digital quantification of analytes at the testing
site. Compared to conventional approaches to building portable electronic plate readers’
and illumination chambers?!, the personal glucose monitor provides a more intuitive and

easily interpretable interface to assess analyte concentrations. The commercialization and
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ubiquity of personal glucose monitors also make this device easily deployable to almost

anywhere, significantly increasing the reach of PGM-coupled CFE biosensors.

Previous demonstrations of biosensors interfaced with glucose monitors were
limited in their compatibility with blood samples and field deployability. For example,
previous reports required additional sample processing steps to remove endogenous sample
glucose®”9192, | showed that endogenous lysate metabolism present in cell-free extracts
could be capitalized to remove sample glucose at the beginning of the reaction. This is
accomplished by decoupling analyte-activated enzymatic reporter production from
reporter-catalyzed glucose conversion. In fact, endogenous lysate metabolism can remove
nearly all glucose present in human serum samples spiked with excessive amounts of
glucose during the reporter production step. When the reaction shifts to reporter-catalyzed
glucose conversion, the only glucose signal remaining is what was produced from the
analyte, not what is naturally present in human serum samples. Taken together, I
demonstrate that CFE-based genetic circuitries and biosensors can be easily coupled to
PGMs for rapid and reliable analyte quantification in a complex sample matrix at the point

of need.

5.1.3 Novelty of CFE-coupled immunoassays

Nearly all CFE biosensors detect either small molecules or nucleic acids rather than
protein antigens. The current gold standard for protein detection is via sandwich
immunoassays with capture and detection antibodies raised to recognize different epitopes
of the protein antigen. To report on the presence of protein antigens, the detection

antibodies are linked to either fluorescence or enzymatic reporters (via direct conjugation
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or secondary antibodies) for signal generation. As seen in the COVID-19 pandemic,
antigen-based rapid tests are valuable for enabling affordable and accessible detection of
SARS-CoV-2 at the point of care. But these antigen tests have limited sensitivity compared
to nucleic acid tests to detect early SARS-CoV-2 infections!!?, as nucleic acid-based

detection can go through exponential cycles of DNA amplification.

| showed that nucleic acids coding for gene expression can be conjugated to
detection antibodies to relay protein antigen detection events in immunoassays to
enzymatic signal generation in CFE systems. The conjugated nucleic acid signals can be
further amplified via transcription and translation in CFE reactions, potentially improving
immunoassay sensitivity. Because different SARS strains and variants carry a series of
mutations on their Spike/RBD proteins!!!, different detection antibodies targeting specific
strains or variants can carry different nucleic acid signals activating the expression of
different reporter proteins. Combining CFE systems with immunoassays carrying DNA
barcodes enables facile identification of SARS-CoV-1 and SARS-CoV-2 strains near the
point of care. Taken together, this work demonstrates that augmenting immunoassays with
CFE platforms enables sensitive and specific detection of viral protein antigens, creating

an affordable and accessible test for population-scale implementation.

5.2 Next Steps and Future Directions

5.2.1 Next steps for protocell arrays
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To further advance the protocell array platform to design customizable diagnostic
panels spanning multiple classes of molecules, additional characterization of ATPS is
necessary. As seen in the initial characterization of cell-free protein synthesis in the ATPS
environment, significant diffusion of GFP signal from protocells to the surrounding bulk
environment was observed after 3 hours (Figure 2-4). Moreover, while plasmid DNA was
strongly partitioned in the Ficoll polymer, significant partitioning of RNA and short,
double-stranded DNA was not observed. Further characterization of different protein and
nucleic acid partitioning behaviors in the ATPS environment, on parameters such as
polymer concentrations, pH, and CFE reagent concentrations will likely impact the

effectiveness of protocell reactions, compartmentalization, and stability of partitioning.

The selection of PEG and Ficoll polymer concentrations to enable membrane-less
compartmentalization of CFE reactions could also benefit from detailed reagent
characterizations. The original binodal was constructed using polymers dissolved in
phosphate-buffered saline (PBS) solution®>%4, While specific concentrations of polymers
prototyped in the cell-free environment worked well, additional characterization of the
specific PEG-Ficoll and PEG-dextran liquid-liquid phase separation binodal in the
environment of CFE reagents could enable further platform optimization. For example, the
protocell sensor polymer concentrations (Ficoll or dextran) could be individually tuned to
favor the partitioning of a particular class of analyte. And for uses where long-term
protocell stability is critical, polymer concentration needs to be increased to improve CFE

reaction encapsulation without inhibiting the reaction.
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5.2.2 Future directions for protocell arrays

Nearly all CFE-mediated nucleic acid detection assays require an upstream sample
amplification step to bring expected attomolar concentrations of samples to the nanomolar
detection range of current nucleic acid sensors’2308387 AJl current nucleic acid
amplification steps take place separately from CFE sensing reactions, possibly due to
reagent incompatibility. However, requiring reaction steps to happen in different locations
creates additional sample handling steps that can be difficult to execute in resource-limited
environments. These amplification steps assays are also extremely prone to sample cross-
contamination®!®, necessitating extensive operator training and assay handling to ensure

test accuracy.

For the protocell array diagnostic platform to be field-deployable for the detection
of nucleic acids, developing methods for one-pot amplification and detection of nucleic
acid analytes is critical. To this end, the coexistence of DNA replication and protein
expression machinery has been previously demonstrated in reconstituted CFE reactions
from purified proteins (PURE systems)?%121, This suggests that it is possible for a protocell
reaction to have coexisting DNA replication and biosensing machinery to carry out one-
pot sample amplification and detection. Additional characterization of CFE and CFE
protocell systems interfaced with DNA replication machinery could enable significant

improvement of the field-deployability of protocell array systems.

Another research direction to improve protocell arrays is to incorporate protein
detection. Most CFE biosensors detect small molecules and nucleic acids, with very few

detecting proteins. Since ATPS was initially developed to multiplex ELISAs, it is likely
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that antibody-based detection of protein analytes could be compatible with the protocell
array environment. Capture and detection antibodies can be compartmentalized in Ficoll
or dextran polymer droplet and added to a designated micro-basin in a 4-plex or 9-plex
well. Since the phase separation of protocells allows selective tuning of different reaction
environments, antibody-detection polymer droplets can coexist with CFE biosensing

protocells with minimized reaction interference.

However, all ATPS ELISAs require at least one wash step to remove unbound
detection antibodies for signal reporting, which could preclude the implementation of CFE
biosensing reactions in the same test3. In particular, reporters produced in CFE reactions
generally don’t have surface immobilization capabilities and may be removed in the wash
step. A possible mitigating strategy is to have special surface treatments on micro basins.
Anti-reporter capture antibodies (anti-GFP or anti-LacZ) can be pre-spotted onto micro
basins to immobilize reporters produced in CFE biosensors and retain reporter signals after
washes. The micro basin surfaces can also be manufactured to have nickel coatings, and
reporters can be expressed with Histidine tag to maximize surface binding and retention
after washes. As biomedical samples of clinical relevance have complex sample profiles
spanning multiple classes of molecules, simultaneous measurement of biomarkers from
diverse molecular classes in one test, using a single sample, can revolutionize healthcare
delivery at the point of care. The future of diagnostics can now happen at home or in
resource-limited areas using a fully customizable diagnostic panel of the size of a dime

rather than a collection of bulky analytical instruments.
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5.2.3 Next steps for personal glucose monitor-mediated CFE biosensor quantification

Rapid, scalable, and affordable distribution of test kits is critical to field deployment
of point-of-care testing. Lyophilization, which dehydrates reactions into a powder form,
can be used to make CFE biosensing reactions shelf-stable for test storage and shipment at
ambient temperature’-9254683  Demonstrating that biosensors can still reliably produce
consistent glucose outputs between different lyophilized samples will be a necessary next
step in bringing glucose-monitor mediated quantification of CFE biosensors to field
implementation. In addition to variability assessments between multiple lyophilization
runs, it is also essential to assess the stability of reagents when stored at ambient
temperature. ldeal periods of assessments should span from weeks to months. For
impactful application of CFE biosensor tests in the field, the lyophilized reactions should

be shelf-stable for at least a year.

Biological variability in human serum samples leading to variability in test output,
a phenomenon known as “matrix effects”, can preclude accurate analyte quantification
using an established range of values?®. This test only assessed pooled human serum samples
for target quantification and did not access potential quantification differences in single-
donor serum samples. An important next step would be to determine the robustness of our
quantification on single-donor serum samples. In particular, identifying the possible source
of biological variability (whether they arise from differences in blood glucose levels,
hydration, etc.) and steps to mitigate deviations (collecting samples first thing in the
morning) should be assessed. Ideally, quantification results should be evaluated on tens to
hundreds of single-donor serum samples to make conclusions sufficiently generalizable. If

variability across single-donor serum samples is high, an alternative strategy using a
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sample-specific calibration of reference reactions could be used to control for matrix

effects?®.

5.2.4 Future directions for personal glucose monitor-mediated CFE biosensor

quantification

Once the glucose monitor-mediated CFE biosensing approach passes the initial
criteria for field deployment (shelf-stable and low inter-individual quantification
variability), an important next step is to improve the test’s ease of use. The current assay
requires two incubation steps (45 minutes of reporter production and 15 minutes of glucose
conversion) and three hands-on reagent steps (addition of samples to rehydrate the test,
addition of small molecule inhibitor and lactose mixture, and sampling reacted solution on
glucose monitor strips for glucose meter measurement). For field use, it is best to minimize
the number of hands-on pipetting steps to minimize operator-induced variability and errors.
Ideally, the operator should only need to add samples into the reaction, wait for reactions
to complete, and then read off a number on the glucose monitor that directly translates to

the concentration of a target analyte.

Paper-based microfluidic devices that manipulate reagent flows can be designed to
meet this goal. For example, microfluid paper-based analytical devices (u-PADSs) have
been developed for sequential addition or withdrawal of reagents with reduced operator
manipulationt®>106.122 These devices can be connected with electronic circuits for result
interpretation on a glucose monitor or smartphone device!%1%, Furthermore, advances in
paper-fluidic devices have successfully separated whole blood into plasma with minimal

operator manipulation?3, A fully integrated paper-fluidic device that takes in a drop of a
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patient’s blood, performs automated whole-blood separation to extract serum or plasma
from the sample, rehydrates the biosensing reaction, converts lactose into glucose for
interpretation, and outputs quantitative results on the glucose monitor would have

tremendous translational potential in point-of-care diagnostics.

5.2.5 Next steps for CFE-coupled immunoassays

In this work, | demonstrated that DNA-barcode conjugated detection antibodies
could relay protein antigen signals in immunoassays. The next step is to apply this DNA
barcoding and signal detection strategy to specific detection antibodies recognizing
Spike/RBD protein epitopes on SARS-CoV-1 and SARS-CoV-2 strains as a proof-of-
principle. Additional validation using inactivated virus particles rather than purified,
recombinant Spike/RBD proteins would be essential for test validation. In fact, using
inactivated virus samples may actually lead to sensitivity improvements as the outer
surface of the coronaviruses have 24-40 Spike/RBD proteins expressed!?*. This means that,
for every SARS-CoV-1 or 2 virus particles bound to the capture antibody, 24-40 detection
antibodies can bind the virus and relay this DNA barcode signal for cell-free amplification,

resulting in an ultra-sensitive diagnostic assay.

However, the vast majority of current antigen-based SARS-CoV-2 diagnostics lyse
the lipid membrane of the virus in the sample collection step, which could potentially cause
Spike/RBD proteins to misfold in the process'?®. Although sample lysis is necessary as
these rapid tests detect the nucleocapsid proteins rather than the Spike/RBD protein and
the collected sample must inactivate the virus for biocontainment purposes, further

assessment of virus inactivation methods that allows viral particles and Spike/RBD
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proteins to stay intact to bind capture and detection antibodies would be necessary for

bringing this test closer to clinical implementation.

5.2.6 Future directions for CFE-coupled immunoassays

The current test design involving numerous sample transfer steps can at best be
implemented in Clinical Laboratory Improvement Amendment (CLIA) certified
laboratories, necessitating significant improvements to the test and reagent handling
strategies in order to bring CFE coupled immunoassays for point-of-care and at-home
implementation. The immunoassay step is the most problematic area, requiring extensive
wait time and wash steps. Implementing the antibody capture and detection on a lateral
flow assay (LFA) strip may be a potentially more field-friendly solution. Rather than using
gold nanoparticle-conjugated detection antibodies on the LFA, DNA barcode-conjugated
detection antibodies can be used and immobilized to a designated location on the LFA strip
via antigen binding. Following immobilization, that area of the LFA strip can be cut out
and placed in the CFE reaction for assay interpretation. For facile interpretation of assay
signals, a companion smartphone application can be designed to analyze colorimetric

results produced by the CFE reaction.

Additional areas that warrant further investigation are the DNA barcode synthesis
and conjugation to detection antibodies. One of the reasons short oligo fragments such as
LacZ alpha fragments and toehold switch trigger sequences were chosen to relay antigen
signals is due to the set of current limitations in oligo synthesis. Commercial DNA
synthesis is limited to synthesizing at most 200-nucleotides of DNA, placing a size

limitation on the DNA signal used to relay information from immunoassays to CFE
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reactions. As a result, DNA conjugates were limited to using either a split reporter system
(a 45-amino acid LacZ alpha fragment) or toehold switch triggers (30-35 nucleotide
sequences) to make the signal relay sequences as short as possible. Being able to attach
larger DNA fragments to detection antibodies could significantly expand the design space
of signal relay modules. Generating larger DNA fragments is possible via PCR with amine-
functionalized primers, but the process becomes cost-prohibitive at a large scale — at least
650 pg of 200-nt DNA is needed for a 150-ug scale of antibody conjugation, but typical

PCR reaction makes only 2.5 ug (260-fold less).

However, even when large-scale DNA synthesis is no longer a problem, challenges
remain in purifying conjugated antibodies from unreacted large DNA fragments after
conjugated reactions due to similarity in sizes to be separated from column
chromatography. To this end, using biotinylated antibodies and DNA fragments may
remove this purification problem, as DNA fragments and detection antibodies can be joined
together by affinity binding to streptavidin®®. Further advancements in DNA synthesis,
conjugation of DNA to antibodies, and protein purification methods would endow CFE-

coupled immunoassays with more capabilities for impactful use in clinical diagnostics.

5.3 Concluding Remarks

In this thesis, | have described my efforts to connect CFE biosensors to new
interfaces to improve their translational potential. In interfacing CFE biosensor expression
systems with polymer aqueous two-phase systems, | developed the first-of-its-kind
multiplexed detection platform to screen diverse classes of molecules from a single sample.

In augmenting CFE reporter production with personal glucose monitors, |1 accomplished
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digital quantification of analyte concentrations in resource-limited settings. Lastly, in
coupling immunoassays with CFE platforms, | demonstrated that CFE reactions could
report on antigen binding in immunoassays and enable multiplexed detection of different
SARS strains. The body of work presented in this thesis indicates that CFE systems are a
modular and versatile platform for implementing point-of-care diagnostics. While there are
still gaps in bringing these products to clinical adoption and field implementation, this work
has laid the foundation and established future directions for further test and device

optimization.
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APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER
2: PROTOCELL ARRAYS FOR SIMULTANEOUS DETECTION OF

DIVERSE ANALYTES

A.1 Initial VValidation of B. Theta, Stx1, and Stx2 Switch Activation in CFE Reactions
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Figure 12 B. Theta, Stx1, and Stx2 switch activation in response to their cognate
triggers in CFE reactions. Reactions were incubated at 37 °C for 3 hours. (A) All
triggers and switches were expressed from plasmids. Data are presented as mean
values £ SD of 9 replicates (3 biological replicates x 3 technical replicates). Each
biological replicate is an independently assembled reaction on a different day. Solid-
filled circles represent the mean of each biological replicate, and hollow circles
represent all data points. (B) Specificity assessment of previously developed B. theta
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toehold switch and newly developed Stx1 and Stx2 toehold switches. Only correctly
paired triggers and switches showed high levels of GFP activation. Fold change shown

represent average fold activation from 9 replicates (3 biological replicates x 3
technical replicates).
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A.2 Sequence Information

Table 1. Description of plasmid parts and DNA sequences used in CHAPTER 2

Name Construct Description
Relevant part of the plasmid encoding superfolder GFP
pJL1 expression under Pt7 promoter with strong ribosomal
binding site

Pr7 Promoter-Stability Hairpin-StrongRBS-sfgfp-T7 Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaagaagg

gtcgaccggctgctaacaaagcccgaaaggaagctga
gttggctgctgccaccgctgagcaataactagcataaccccttggggecctctaaacgggtcttgaggggt
tttttg

Relevant part of the plasmid encoding Lacl expression

Pr7-lacl under P17 promoter with strong ribosomal binding site

Pr7 Promoter-Stability Hairpin-StrongRBS-JEBIBT 7 Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaagaagg

gtcgaccggctgctaacaaagccc
gaaaggaagctgagttggctgctgccaccgctgagcaataactagcataacceccttggggecctctaaacg
ggtcttgaggggttttttg
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Relevant part of the plasmid encoding superfolder GFP
Pr7lacO-sfgfp expression under Pr7lacO promoter with strong ribosomal
binding site

 Pr7 Promoter-JBlStability Hairpin-StrongRBS-sfgfp- T7 Terminator

ccacaacggtttccctctagaaataattttg

tttaactttaa

gtcgaccggctgctaacaaag
cccgaaaggaagctgagttggctgctgeccaccgctgagcaataac

Relevant part of the plasmid with divergent Psap
promoter for constitutive AraC expression and
arabinose modulated superfolder GFP expression.

araC-Peap-sfgfp

 araC Bl Stability Hairpin-

ccacaacggtttccctctagaaataattttgtttaactttaa

gtcgaccggctgctaacaaagcccgaaaggaagctgagtt
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ggctgctgccaccgctgagcaataactagcataaccccttggggecctctaaacgggtcttgaggggtttt
ttg

Linear DNA encoding expression of RNA trigger B
under a Pt7 Promoter. Additional nucleotides (>20bp)
are included in 5’ and 3’ end as extra protection against
nuclease degradation.

Pr7-trigger B

P7 Promoter-igUeRBa 17 Terminator
aacgccagcaacgcgatcccgegaaattaatacgactcactatagggagafECICoEIACIORTG

tagcataaccccttggggcecctctaa
acgggtcttgaggggttttttgtttgctgaaagccaattctgatta

Relevant part of the plasmid encoding superfolder
Pr7-switch B-sfgfp GFP expression under Ptz promoter and toehold
switch B

T7 Terminator

P17 Promoter-

taatacgactcactatagggaga

ggatcgtcgaccggctgctaacaaagcccgaaaggaagctgagttggetgetgecac
cgctgagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttyg

Linear DNA encoding expression of RNA trigger H
under a Pt7 Promoter. Additional nucleotides (>20bp)
are included in 5’ and 3’ end as extra protection against
nuclease degradation.

Pr7-trigger H

P17 Promoter- BB T 7 Terminator
aacgccagcaacgcgatcccgcgaaattaatacgactecactatagggas i

tagcataaccccttggggcecctctaa
acgggtcttgaggggttttttgtttgctgaaagccaattctgatta

Relevant part of the plasmid encoding superfolder
Pr7-switch H-sfgfp GFP expression under Ptz promoter and toehold
switch H
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P7 Promoter- MBS fofp-TenB= T 7 Terminator

taatacgactcactatagggagal

ggatcgtcgaccggctgctaacaaagcccgaaaggaagctgagttggetgetgecac
cgctgagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttyg

Pr7-7ntR Relevant part of the plasmid encoding ZntR expression

under Pt7 promoter with strong ribosomal binding site
PT7 Promoter-Stability Hairpin-*T? Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa

gtcgaccggctgctaacaaagcccgaaaggaagctgagttggectgectgeca
ccgctgagcaataactagcataaccccttggggecctctaaacgggtcttgaggggttttttyg

Relevant part of the plasmid encoding superfolder GFP

Pzna-sfgfp expression under ZntR regulated Pzna promoter

s ability Hairpin- T7 Terminator

tccctctagaaataattttgtttaactttaa

tcgaccggctgctaacaaagcccgaaaggaagctgagttggectgetgecaccgectgagcaataactagea
taaccccttggggcctctaaacgggtcttgaggggttttttg
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Prr-eUtR Relevant part of the plasmid encoding EutR expression

under Pt7 promoter with strong ribosomal binding site.
Pz Promoter-Stability Hairpin-*T? Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa

gtcgaccggctgctaacaaagcccgaaaggaagctgagttggctgcectgceccaccgetg
agcaataactagcataaccccttggggecctctaaacgggtcttgaggggttttttyg

Relevant part of the plasmid encoding superfolder GFP

Peus-sfgip expression under EutR regulated Peus promoter

| PRl Stability Hairpin- T7 Terminator

ccacaacggtttccctctagaaataattttgtttaacttt
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gtcgaccggctgctaacaaagcccgaaagg
aagctgagttggctgctgccaccgctgagcaataac

Linear DNA encoding expression of RNA trigger BT
under a Ptz Promoter. Additional nucleotides (~30bp)
are included in 5’ and 3’ end as extra protection against
nuclease degradation.

Pr7-trigger BT

ggaaaaacgccagcaacgcgatccecgcgaaat
aaaaaaaac

gccgecttteggeggegtttg

Relevant part of the plasmid encoding superfolder
Pr7-switch BT-sfgfp GFP expression under Ptz promoter and toehold
switch BT

ggatcgtcgaccggctgctaacaaagcccgaaaggaagctga
gttggctgctgccaccgctgagcaataac

Linear DNA encoding expression of RNA trigger S1
under a Pt7 Promoter. Additional nucleotides (~30bp)
are included in 5* and 3’ end as extra protection against
nuclease degradation.

Pr7-trigger S1
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ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactatagg

aaaaaaaacgccgcctttcggecggegtttg

Relevant part of the plasmid encoding superfolder
Pr7-switch S1-sfgfp GFP expression under Ptz promoter and toehold
switch S1

taatacgactcactatagggaga

ggatcgtcgaccggctgctaacaaagcccgaaaggaagct
gagttggctgctgccaccgctgagcaataactagcataacceccttggggectctaaacgggtcttgaggg
gttttttg

Linear DNA encoding expression of RNA trigger S2
under a Pt7 Promoter. Additional nucleotides (~30bp)
are included in 5’ and 3’ end as extra protection against
nuclease degradation.

Pr7-trigger S2

P7 Promoter- SR

ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactatagq
aaaaaaaacgccgcctttcggecggegtttg

Relevant part of the plasmid encoding superfolder

GFP expression under Ptz promoter and toehold

switch S2
T7 Terminator

Pr7-switch S2-sfgfp

taatacgactcactatagggaga
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ggatcgtcgaccggctgctaacaaagcccgaaaggaagctgagttggetgectgecacecget
gagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttg

Pr7-lacz

Relevant part of the plasmid encoding B-galactosidase

Ptz Promoter- Stability Hairpin-

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa

LacZ) expression under Ptz promoter
T7 Terminator

122




gtcgaccggctgctaacaaagcccgaaaggaagctgagttggectgectgeccaccgectgagcaataa
ctagcataaccccttggggcctctaaacgggtcttgaggggttttttyg

DNA oligo containing 6 y sites to stall endonuclease

XDNA degradation on linear DNA templates.

FW:
TCACTTCACTGCTGGTGGCCACTGCTGGTGGCCACTGCTGGTGGCCACTGCTGGTGGCCACTGCTGGTGG
CCACTGCTGGTGGCCA

RV:
TGGCCACCAGCAGTGGCCACCAGCAGTGGCCACCAGCAGTGGCCACCAGCAGTGGCCACCAGCAGTGGCC
ACCAGCAGTGAAGTGA

Linear DNA encoding expression of random RNA
sequences under a P17 Promoter. Additional nucleotides
(>20bp) are included in 5° and 3’ end as extra protection
against nuclease degradation.

Pr7-Null

Ptz Promoter-Null

aacgccagcaacgcgatcccgcgaaattaatacgactcactatagggagaGTCCGACCCCCTGCTAACAAA
GCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACtagcataacccecttggggectecta
aacgggtcttgaggggttttttgtttgctgaaagccaattctga

Linear DNA encoding expression of RNA trigger EC
under a Ptz Promoter. Additional nucleotides (~20bp)
are included in 5’ and 3’ end as extra protection
against nuclease degradation.

Pr7-trigger EC

PT7 Promoter-triggerEC

aacgccagcaacgcgatcccgcgaaattaatacgactcactatagggaga
tagcataaccccttggggcctctaaacgggtcttgaggggttttttgtttgetyg
aaagccaattctga
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A.3 Protocell and CFE Reaction Conditions

Table 2. Description of lysate, plasmid concentrations, and reaction additives present
in protocell sensors or CFE reactions in each figure in CHAPTER 2.

. . Lysate . Reaction
Figures Detecting Preparation Plasmids Additives
;!gure Uninduced
Fiqure T7 RNAP 1.875 nM P17-GFP

g Batch U2
2-4
Figure Uninduced 3.33 nM Pr7-Lacl
2-5 PTG T7 RNAP 1 nM P17lacO-GFP

Batch U2 T

. Uninduced

;fg“re Arabinose T7 RNAP %gFE‘M AraC-Peao-
Batch U2

. Induced . 0.5 v/iv% Rnase

Efg“re RNA B Trigger | T7 RNAP Z;EIFYI Pro-switchB- | | hibitor Murine
Batch 12 in the bulk phase

. Induced . 0.5 v/iv% Rnase

;fg“re RNA H Trigger | T7 RNAP ZEE'F\,/' Pr-switchH- | | s hibitor Murine
Batch 12 in the bulk phase

Figure Induced

2-6 Linear DNA B 6 NnM Pr7-switchB- | 2 uM yDNA in

. . T7 RNAP
Figure Trigger GFP protocell
2.7 Batch 12
Figure
2-6 Linear DNA H | Induced 6 NM Pr7-switchH- | 2 uM yDNA in

. . T7 RNAP
Figure Trigger GFP protocell
0.7 Batch 12
Figure : Uninduced 0.25 nM Pr7-ZntR
2-8 Zine TTRNAP | 5 5 M Paa-GFP

Batch U1 ' A
. Uninduced
PI9Ue | viminBi | T7RNAP | 20 nMPTTEUE
Batch U1 eus
2 UM yDNA in
Figure Linear DNA Induced 5 nM Pr7-B. theta protocell
2-9 B. theta Trigger T7 RNAP switch-GFP 0'5.V/.V% Rnag,e
' Batch 11 Inhibitor Murine
in the bulk phase
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10 uM GamS in

. . Induced protocell
Figure 'S-t')r(‘ia{r?g';?r T7RNAP | 410M Pr-SXL-GFP | 0.5 v/v% Rnase
Batch 11 Inhibitor Murine
in the bulk phase
2 UM yDNA in
_ Linear DNA Induced protocell
Figure Stx2 Trigger T7 RNAP 5nM Pr17-Stx2-GFP | 0.5 v/v% Rnase
2-9 Batch 11 Inhibitor Murine
in the bulk phase
. Uninduced 1.5 viv% Rnase
gl%re Zinc T7 RNAP gﬁiﬁnxni?@ﬁm !nhibitor Murine
Batch U3 in the bulk phase
. Uninduced 1.5 viv% Rnase
gl%re Vitamin B1. T7 RNAP %g ﬂm Ilz;tsElCJ;tFRP Inhibitor Murine
Batch U3 ' in the bulk phase
. Induced 1.5 viv% Rnase
pigre ﬂ\i'gAg o TZRNAP | 27V PTokd Inhibitor Murine
Batch I1 in the bulk phase
1.5 viv% Rnase
Figure Linear DNA Induced 2.5 nM P17-Stx2 !nhlbl'[Ol‘ Murine
2-10 Stx2 Trigger T7 RNAP switch-GFP in the bulk phgse
Batch 11 2 UM yDNA in
protocell
. Uninduced 1.5 viv% Rnase
;!glygre Zinc T7 RNAP giﬁnnxni%ngm !nhibitor Murine
Batch U3 in the bulk phase
. Uninduced 1.5 viv% Rnase
;%re Vitamin B1. T7 RNAP i05nn|\'>|/|PPETu:5E(§|t:|§) Inhibitor Murine
Batch U3 in the bulk phase
. Induced 1.5 viv% Rnase
Pigure ?:}'@ o T7RNAP | T MBSO innibitor Murine
Batch I1 in the bulk phase
1.5 viv% Rnase
Figure Linear DNA Induced 7.5 nM P17-Stx2 !nh|b|tor Murine
2-10 Stx2 Trigger T7 RNAP switch-GFP in the bulk phgse
Batch 11 2 UM ¥DNA in
protocell
Figure Cleave CPRG Uninduced 2 nM Pr7-LacZ 0.6 mg/mL
2-11 T7 RNAP CPRG in the
Batch Ul bulk phase
Figure Cleave X-gal Uninduced 2 nM Pr7-LacZ 0.2 mg/mL X-
2-11 T7 RNAP gal in the bulk
Batch Ul phase
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0.2 mg/mL X-

Figure | Linear DNA | Induced 15nM Prr-B. theta | 921 In the bulk
2-12 B. theta Trigger T7 RNAP switch-LacZ phase
. 99 Batch I1 2 UM yDNA in
protocell
0.2 mg/mL X-
Figure | Linear DNA Induced 133nM Pr-Stxt- | 9l Inthe bulk
212 | st Trigger | L/ RNAP 1 acz phase
99 Batch 11 2 “M ){DNA in
protocell
0.2 mg/mL X-
Figure | Linear DNA Induced 1.33 nM Pr7-Stx2- gal in the bulk
212 |stx2Trigger | o RNAP ) 0z phase
99 Batch I1 2 UM yDNA in
protocell
0.2 mg/mL X-
Figure | Linear DNA B, | Induced 4.5nM Prr-B. theta | 931 In the bulk
2-12 theta Trigger T7 RNAP switch-LacZ phase _
Batch I1 2 UM yDNA in
protocell
0.2 mg/mL X-
Figure | Linear DNA | INduced 270M Pr-Stxi- | 981 inthe bulk
212 |sxiTrigger | 0 RNAP ) aez phase
99 Batch 11 2 UM ){DNA in
protocell
0.2 mg/mL X-
i i Induced gal in the bulk
;ﬁ;;re 'S‘t'an{r?N?r T7RNAP | 3nM Pr-Stx2-LacZ | phase
@ Batch I1 2 UM DNA in
protocell
5nM Pr7-B. theta
; . Induced .
Figure Plasmid T7 RNAP trigger
12 B. theta Trigger | 5o o 2.5 nM Pr7-B. theta
switch-GFP
5 nM P17-Stx1
Figure Plasmid Stx1 Induced trigger
; T7 RNAP
switch-GFP
5 nM Pr7-Stx2
Figure Plasmid Stx2 Induced trigger
: T7 RNAP
12 Trigger Batch 12 2.5 NM P17-Stx2
switch-GFP
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A.4 Primers for Trigger DNA Amplification

Table 3. Primers used for trigger DNA amplification in CHAPTER 2. Lowercase,
unlabeled sequences are protective regions to decrease endonuclease degradation.
Highlighted sequences indicate the T7 promoter, and uppercase sequences are primer
annealing regions. Target-specific primers were designed to bind to >19 base pairs
before and after the actual trigger sequence to prevent unintended primer activation
of switches. The specificity of the developed switches was also validated on the
genomic DNA of STEC O157: H7, B. thetaiotaomicron, and common laboratory E.

coli strains DH10p and BL21 Star (DE3)

Amplifying

Primer Sequence

BorH

Fwd:
aacgccagcaacgcgatcccgcgaaatTAATACGACTCACTATAGGGAGA

Rev:
taatcagaattggctttcagcaaaAAACCCCTCAAGACCCGTT

Template: T7-trigger B or T7-trigger H in A.2 Sequence Information

B. theta

Fwd:

ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggCCGAC
TTCGGAACGCTTATAGA

Rev:
caaacgccgccgaaaggcggcgttttttttTGAAACGTATGCGGTAGCTGAA

Genomic Target: hypothetical protein SAMNO029103 22_01913
ATGCATGCATACATTATCCAACAACTAACAAGAATTATATTGTTTATCACTATCGG
TTTGCCTATAGGACTAAAAAGTTTTGCCCAAGAAACAAAACGTTTCTATATGGAAC
TGGACACTCCCCGCAATGGAGCCAAAGCAGGACAAGAGCTTGAATTAAAATACATC
AGCACAGCCGATTTCGATTCTGTATCTCCACCCGACTTCGGAACGCTTATAGAAAC
AGTTGAAGGAGCAACACCACACAAAGCCGGTCATACAGTAAAAAACGGCATATTGA
CAGATATCTACGAGCAGGGATTCAGCTACCGCATACGTTTCAAGAAGCCAGGAAAC
ACCAAACTACCTCTGGCATCCATCAAGGCAAACGGAAAGGAATACGAAACACCTCT
GACCAGTGTATGGGTACATCCGGTCGATACCAATATCGACAGTGTAAAATGCAGCA
TTCAGCTGGAGGATTCTTATCGCAAAGGAGTTTTCACTGCCATCGGGATCTGTCTC
TTAATCGCCTGGTTATTGATCCGCTTATCGTTTCAGAAACAAAAAAATAAAGAGAC
AGGATAA

Stx1

Fwd:

ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggATAAA
TCGCCATTCGTTGACTACT

Rev:
caaacgccgccgaaaggcggcgttttttt tAAACCGTAACATCGCTCTTGCCA

Genomic Target: Shiga Toxin 1

Accession #: BA000007. Region: 2924904...2925851.
ATGAAAATAATTATTTTTAGAGTGCTAACTTTTTTCTTTGTTATCTTTTCAGTTAA
TGTGGTTGCGAAGGAATTTACCTTAGACTTCTCGACTGCAAAGACGTATGTAGATT
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CGCTGAATGTCATTCGCTCTGCAATAGGTACTCCATTACAGACTATTTCATCAGGA
GGTACGTCTTTACTGATGATTGATAGTGGCACAGGGGATAATTTGTTTGCAGTTGA
TGTCAGAGGGATAGATCCAGAGGAAGGGCGGTTTAATAATCTACGGCTTATTGTTG
AACGAAATAATTTATATGTGACAGGATTTGTTAACAGGACAAATAATGTTTTTTAT
CGCTTTGCTGATTTTTCACATGTTACCTTTCCAGGTACAACAGCGGTTACATTGTC
TGGTGACAGTAGCTATACCACGTTACAGCGTGTTGCAGGGATCAGTCGTACGGGGA
TGCAGATAAATCGCCATTCGTTGACTACTTCTTATCTGGATTTAATGTCGCATAGT
GGAACCTCACTGACGCAGTCTGTGGCAAGAGCGATGTTACGGTTTGTTACTGTGAC
AGCTGAAGCTTTACGTTTTCGGCAAATACAGAGGGGATTTCGTACAACACTGGATG
ATCTCAGTGGGCGTTCTTATGTAATGACTGCTGAAGATGTTGATCTTACATTGAAC
TGGGGAAGGTTGAGTAGTGTCCTGCCTGATTATCATGGACAAGACTCTGTTCGTGT
AGGAAGAATTTCTTTTGGAAGCATTAATGCAATTCTGGGAAGCGTGGCATTAATAC
TGAATTGTCATCATCATGCATCGCGAGTTGCCAGAATGGCATCTGATGAGTTTCCT
TCTATGTGTCCGGCAGATGGAAGAGTCCGTGGGATTACGCACAATAAAATATTGTG
GGATTCATCCACTCTGGGGGCAATTCTGATGCGCAGAACTATTAGCAGTTG

Stx2

Fwd:

ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggGTATC
CTATTCCCGGGAGTTTACGATAGACTTTTC

Rev:
caaacgccgccgaaaggcggcgttttttttGATATATGTTCAAGAGGGGTCGATAT
CTCTGTCCG

Genomic Target: Shiga Toxin 2

Accession #: BA000007. Region: 1267107...1268066.
ATGAAGTGTATATTATTTAAATGGGTACTGTGCCTGTTACTGGGTTTTTCTTCGGT
ATCCTATTCCCGGGAGTTTACGATAGACTTTTCGACCCAACAAAGTTATGTCTCTT
CGTTAAATAGTATACGGACAGAGATATCGACCCCTCTTGAACATATATCTCAGGGG
ACCACATCGGTGTCTGTTATTAACCACACCCCACCGGGCAGTTATTTTGCTGTGGA
TATACGAGGGCTTGATGTCTATCAGGCGCGTTTTGACCATCTTCGTCTGATTATTG
AGCAAAATAATTTATATGTGGCCGGGTTCGTTAATACGGCAACAAATACTTTCTAC
CGTTTTTCAGATTTTACACATATATCAGTGCCCGGTGTGACAACGGTTTCCATGAC
AACGGACAGCAGTTATACCACTCTGCAACGTGTCGCAGCGCTGGAACGTTCCGGAA
TGCAAATCAGTCGTCACTCACTGGTTTCATCATATCTGGCGTTAATGGAGTTCAGT
GGTAATACAATGACCAGAGATGCATCCAGAGCAGTTCTGCGTTTTGTCACTGTCAC
AGCAGAAGCCTTACGCTTCAGGCAGATACAGAGAGAATTTCGTCAGGCACTGTCTG
AAACTGCTCCTGTGTATACGATGACGCCGGGAGACGTGGACCTCACTCTGAACTGG
GGGCGAATCAGCAATGTGCTTCCGGAGTATCGGGGAGAGGATGGTGTCAGAGTGGG
GAGAATATCCTTTAATAATATATCAGCGATACTGGGGACTGTGGCCGTTATACTGA
ATTGCCATCATCAGGGGGCGCGTTCTGTTCGCGCCGTGAATGAAGAGAGTCAACCA
GAATGTCAGATAACTGGCGACAGGCCCGTTATAAAAATAAACAATACATTATGGGA
AAGTAATACAGCTGCAGCGTTTCTGAACAGAAAGTCACAGTTTTTATATACAACGG
GTAAATAAAGGAGTTAAGCATGAAGAAGATGTTTATGGCGGTTTTATTTGCATTAG
CTTCTGTTAATGCAATGGCGGCGGATTGTGCTAAAGGTAAAATTGAGTTTTCCAAG
TATAATGAGGATGACACATTTACAGTGAAGGTTGACGGGAAAGAATACTGGACCAG
TCGCTGGAATCTGCAACCGTTACTGCAAAGTGCTCAGTTGACAGGAATGACTGTCA
CAATCAAATCCAGTACCTGTGAATCAGGCTCCGGATTTGCTGAAGTGCAGTTTAAT
AATGACTGA

129




APPENDIX B. SUPPLEMENTARY INFORMATION FOR CHAPTER
3: POINT-OF-CARE ANALYTE QUANTIFICATION VIA LYSATE-
BASED CELL-FREE BIOSENSORS INTERFACED WITH

PERSONAL GLUCOSE MONITORS

B.1 Assessment of Batch-to-Batch Variability in Cell-Free Lysates

v
repressed
linear DNA p =~/ glucose

i . lacZ \ naproxen 00 O
stx2 trigger A ribosome o] ) OOO

variable 13 x 9 active Ce®
lacZ k /
>

Pa — mmmp-  [actose  EEm—p-

s O %o 8

toehold switch trigger-activated qguench reaction,

circuit LacZ production add substrate convert read
B c
3 3
3 3
2 400 B 400
£ A L1 New £ A
2 2 LO New
= 2 L2 New 3
=1 5 4 LORep 1
¢ ey $ © LORep 2
© 200 £ L4 New & 200 oL Rep 2
& A L0 New @ p
83 [e]
S (&]
2 s
2o S o171
0 10 20 30 40
Linear DNA stx2 Trigger (nM) Linear DNA stx2 Trigger (nM)

Figure 13 Assessment of lysate batch-to-batch variability in target quantification. (A)
Schematic of toehold switch sensor used and process workflow. Linear DNA
expressing the stx2 trigger sequence was added at 0-40 nM to a CFE reaction
containing 5 nM of the cognate stx2 toehold switch. Experiment workflow is the same
as Figure 3-6: reactions were incubated at 37 °C for 45 min before being quenched by
a mixture of naproxen and lactose and incubated for another 15 min before PGM
measurement. (B) Comparison of linear DNA quantification using different batches
of lysate prepared using the same protocol. Low inter-lysate variability was observed
across five batches of lysates. L0O-2 were prepared over the course of 2019, and L3-4
were prepared in spring 2021. The “New” designation in the figure legend indicates
a different batch of CFE reagent was used in data collection compared to that used
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for the remainder of the figures (L0O). Error bars represent the standard deviation of
CFE reaction triplicates. Dashed gray line represents PGM’s lowest reading
threshold, 20 mg/dL. (C) Comparison of linear DNA quantification in the same lysate
batch but different reagent batches or aliquots. L0 Rep 1-3 are the same set of data
shown in Figure 3-6 using old reagents, while LO New is the same lysate using a new
batch of reagents. While the trend of signal production is preserved, the new batch of
reagent generated higher glucose readings for the same amount of linear DNA input.
Thus, there is the potential for batch-to-batch variability at multiple levels in these
reactions that should be controlled for carefully.
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B.2 Sequence Information

Table 4. Description of plasmid parts and DNA sequences used in CHAPTER 3

Name

Construct Description

Prr-lacZ LacZ) expression under the T7 promoter
T7 Promoter- Stability Hairpin- T7 Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa

Relevant part of the plasmid encoding B-galactosidase
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gtcgaccggctgctaacaaagcccgaaaggaagctgagt
tggctgctgccaccgctgagcaataactagcataaccccttggggcctctaaacgggtcttgag
gggttttttg

Pr7-7ntR Relevant part of the plasmid encoding ZntR expression
" under T7 promoter with a strong ribosomal binding site

T7 Promoter-Stability Hairpin-StrongRBS-_T? Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaagaagg

gtcgaccggctgctaacaaagcccgaaaggaagctgagttggectgectgceca
ccgctgagcaataactagcataaccccttggggecctctaaacgggtcttgaggggttttttyg

Relevant part of the plasmid encoding LacZ expression

Pzna-lacZ under ZntR regulated Pz promoter

-Stability Hairpin-StrongRBS-- T7 Terminator

tccctctagaaataattttgtttaactttaagaaggagatatacat

133




gtcgaccggctgctaacaaagcccgaaag
gaagctgagttggctgctgccaccgctgagcaataactagcataacceccttggggecctctaaacgggtcet
tgaggggttttttg

RNA stx1 trigger | RNA stx1. trigger

F

Relevant part of the plasmid encoding LacZ
Pr7-stx1 switch-lacZ expression under T7 promoter and stx1 toehold
switch

taatacgactcactatagggaga
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taaggatct

ggtagtgtggggtctccccatgcgagagtagggaactg
ccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttegttttatctgttgtttgtecggt
gaactggatcgtcgaccggctgctaacaaagcccgaaaggaagctgagttggcectgetgceccaccgcectgage
aataacctagcataaccccttggggcctctaaacgggtcttgaggggttttttg

Linear DNA encoding expression of RNA stx2 trigger
under a T7 Promoter. Additional nucleotides (~30bp)
were included in 5° and 3’ end as extra protection
against nuclease degradation.

Pr7-stx2 trigger

T7 Promoter-_

ggaaaaacgccagcaacgcgatcccgcgaaatitaatacgactcactatagg

aaaaaaaacgccgcctttcggecggegtttg

Relevant part of the plasmid encoding LacZ
Pr7-stx2 switch-lacZ expression under T7 promoter and stx2 toehold
switch

taatacgactcactatagggaga
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taaggatct

ggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaaacgaa
aggctcagtcgaaagactgggcctttcecgttttatctgttgtttgtcggtgaactggatcgtcgaccgget
gctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaataacctagcataaccectt
ggggcctctaaacgggtcttgaggggttttttg

Relevant part of the plasmid encoding super folder
Pr7-gfp GFP expression under T7 promoter with a strong
ribosomal binding site

T7 Promoter-Stability Hairpin- T7 Terminator
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ccacaacggtttccctctagaaataattttgtttaactttaa

gtcgaccggctgctaacaaagcccgaaaggaagctga

gttggctgctgccaccgctgagcaataac

Relevant part of the plasmid encoding malachite
green RNA aptamer expression under the T7
romoter

Pr-MGA

GGGTCGGCATGG
CATCTCCACCTCCTCGCGGTCCGACCTGGGCATCCGAAGGAGGACGTCGTCCACTCGGATGGCTAAGGGA
GAGCTCGGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAA

| CTAGCATARtageataaccecttggggectctaaacgggtettgaggggtttttty
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B.3 CFE Reaction Conditions

Table 5. Description of lysate, plasmid concentrations, and reaction additives present
in CFE reactions in each figure in CHAPTER 3

Figures | Detecting Plasmids/ RNA Transcripts Reaction Additives
gfg“re N/A N/A 0-25 mM glucose
POE | A 0-2 M Prr-lacz
glgure N/A 1 nM P17-gfp -/+ 10 mM Naproxen sodium
Fiqure 5% BL21 Star (DE3) lysate
3-?), N/A N/A containing LacZ

0.6 mg/mL CPRG
Figure i 1 mM Malachite Green dye
3-3 N/A 5 "M Pr7-MGA -/+ 10 mM Naproxen sodium
g!gure N/A 0.5 uM gfp RNA -/+ 10 mM Naproxen sodium
Figure 10 mM Naproxen sodium
3-3 N/A N/A 0-25 mM glucose
Figure | Zincin 1 nM P17-zntR
3-4 water 2 NM Pznia-lacZ

5 —

Figure | Zincin 2 NM P17-zntR L5 /0 RNase Inhibitor
3-4 serum 8 NM Pzna-lacZ Murine

25 % Pooled human serum
Figure | RNA stx1 . 0.5 % RNase Inhibitor
3-6 trigger 4 nM Pr7- stx1 switch-lacZ Murine
Figure | Linear DNA . .
3-6 stx2 trigger 5 nM Pr7- stx2 switch-lacZ 4 uM GamS Protein
Figure 25% Pooled human serum
3-5 N/A N/A with glucose dosed in

1.5 % RNase Inhibitor
Figure Murine
3-5 N/A 1 nM Pr7-gfp 25% Pooled human serum

with glucose dosed in
Figure | Linear DNA . i
13 stx2 trigger 5 nM Pr7-stx2 switch-lacZ 4 uM GamS Protein
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B.4 Primers for Trigger DNA Amplification

Table 6. Primers for trigger DNA amplification from E. coli O157: H7 genomic DNA
template in CHAPTER 3. Lowercase, unlabeled sequences are protective regions to
decrease endonuclease degradation. Highlighted sequences indicate the T7 promoter,
and uppercase sequences are primer annealing regions. Target-specific primers were
designed to bind at least 20 base pairs before and after the actual trigger sequence to

prevent unintended primer activation of switches.

Amplifying

Primer Sequence

E. coli

Fwd:

ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggCAAAC
TACGACGTCATCATTTAGC

Rev:
caaacgccgccgaaaggcecggcecgttttttttGTTGACGGTTCAAACGTGGAAA

Genomic Target: AraC family transcriptional regulator.

Accession # LR881938. Region: 315725...315888.
TCAAACTACGACGTCATCATTTAGCCAGATGTATGAAGAATTTTAAGACGGATATC
TATTTCGTTTCCACGTTTGAACCGTCAACAAAATCGGTCGATTTGCTCACGGTTGA
AACTTTTGCTGGTACGGTATGTGAATATGCTGACATGCCAAAAGAGTGGACA

stx1

Fwd:
ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggATAAA
TCGCCATTCGTTGACTACT

Rev:
caaacgccgccgaaaggcggcgttttttttAAACCGTAACATCGCTCTTGCCA

Genomic Target: Shiga Toxin 1.

Accession #: BA000007. Region: 2924904...2925851.
ATGAAAATAATTATTTTTAGAGTGCTAACTTTTTTCTTTGTTATCTTTTCAGTTAA
TGTGGTTGCGAAGGAATTTACCTTAGACTTCTCGACTGCAAAGACGTATGTAGATT
CGCTGAATGTCATTCGCTCTGCAATAGGTACTCCATTACAGACTATTTCATCAGGA
GGTACGTCTTTACTGATGATTGATAGTGGCACAGGGGATAATTTGTTTGCAGTTGA
TGTCAGAGGGATAGATCCAGAGGAAGGGCGGTTTAATAATCTACGGCTTATTGTTG
AACGAAATAATTTATATGTGACAGGATTTGTTAACAGGACAAATAATGTTTTTTAT
CGCTTTGCTGATTTTTCACATGTTACCTTTCCAGGTACAACAGCGGTTACATTGTC
TGGTGACAGTAGCTATACCACGTTACAGCGTGTTGCAGGGATCAGTCGTACGGGGA
TGCAGATAAATCGCCATTCGTTGACTACTTCTTATCTGGATTTAATGTCGCATAGT
GGAACCTCACTGACGCAGTCTGTGGCAAGAGCGATGTTACGGTTTGTTACTGTGAC
AGCTGAAGCTTTACGTTTTCGGCAAATACAGAGGGGATTTCGTACAACACTGGATG
ATCTCAGTGGGCGTTCTTATGTAATGACTGCTGAAGATGTTGATCTTACATTGAAC
TGGGGAAGGTTGAGTAGTGTCCTGCCTGATTATCATGGACAAGACTCTGTTCGTGT
AGGAAGAATTTCTTTTGGAAGCATTAATGCAATTCTGGGAAGCGTGGCATTAATAC
TGAATTGTCATCATCATGCATCGCGAGTTGCCAGAATGGCATCTGATGAGTTTCCT
TCTATGTGTCCGGCAGATGGAAGAGTCCGTGGGATTACGCACAATAAAATATTGTG
GGATTCATCCACTCTGGGGGCAATTCTGATGCGCAGAACTATTAGCAGTTG

stx2

Fwd:
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ggaaaaacgccagcaacgcgatcccgcgaaattaatacgactcactataggGTATC
CTATTCCCGGGAGTTTACGATAGACTTTTC

Rev:
caaacgccgccgaaaggcggcgttttttttGATATATGTTCAAGAGGGGTCGATAT
CTCTGTCCG

Genomic Target: Shiga Toxin 2.
Accession #: BA000007. Region: 1267107...1268066.

ATGAAGTGTATATTATTTAAATGGGTACTGTGCCTGTTACTGGGTTTTTCTTCGGT
ATCCTATTCCCGGGAGTTTACGATAGACTTTTCGACCCAACAAAGTTATGTCTCTT
CGTTAAATAGTATACGGACAGAGATATCGACCCCTCTTGAACATATATCTCAGGGG
ACCACATCGGTGTCTGTTATTAACCACACCCCACCGGGCAGTTATTTTGCTGTGGA
TATACGAGGGCTTGATGTCTATCAGGCGCGTTTTGACCATCTTCGTCTGATTATTG
AGCAAAATAATTTATATGTGGCCGGGTTCGTTAATACGGCAACAAATACTTTCTAC
CGTTTTTCAGATTTTACACATATATCAGTGCCCGGTGTGACAACGGTTTCCATGAC
AACGGACAGCAGTTATACCACTCTGCAACGTGTCGCAGCGCTGGAACGTTCCGGAA
TGCAAATCAGTCGTCACTCACTGGTTTCATCATATCTGGCGTTAATGGAGTTCAGT
GGTAATACAATGACCAGAGATGCATCCAGAGCAGTTCTGCGTTTTGTCACTGTCAC
AGCAGAAGCCTTACGCTTCAGGCAGATACAGAGAGAATTTCGTCAGGCACTGTCTG
AAACTGCTCCTGTGTATACGATGACGCCGGGAGACGTGGACCTCACTCTGAACTGG
GGGCGAATCAGCAATGTGCTTCCGGAGTATCGGGGAGAGGATGGTGTCAGAGTGGG
GAGAATATCCTTTAATAATATATCAGCGATACTGGGGACTGTGGCCGTTATACTGA
ATTGCCATCATCAGGGGGCGCGTTCTGTTCGCGCCGTGAATGAAGAGAGTCAACCA
GAATGTCAGATAACTGGCGACAGGCCTGTTATAAAAATAAACAATACATTATGGGA
AAGTAATACAGCTGCAGCGTTTCTGAACAGAAAGTCACAGTTTTTATATACAACGG
GTAAATAA
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APPENDIX C. SUPPLEMENTARY INFORMATION FOR CHAPTER
4: INTERFACING CELL-FREE EXPRESSION PLATFORMS WITH
IMMUNOASSAYS FOR SENSITIVE DETECTION OF PROTEIN

BIOMARKERS

C.1 Sequence Information

Table 7. Description of plasmid parts and DNA sequences used in CHAPTER 4

Name Construct Description
200-nt linear DNA fragment encoding the 45 amino
Pr7-lacZ alpha acids alpha fragment of p-galactosidase (LacZ)
expression under the T7 promoter

T7 Promoter-

aaaaaaaaataatacgactcactatagggagaccacaa
taaaaaaaaaaa

Relevant part of the plasmid encoding the omega
Pr7-lacZ omega fragment of B-galactosidase (LacZ) expression under

the T7 promoter
T7 Promoter- Stability Hairpin-hﬂ Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa
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gtcgaccggctgctaacaaag
cccgaaaggaagctgagttggctgctgccaccgctgagcaataactagcataacceccttggggectctaa
acgggtcttgaggggttttttg

Pr7-lacz

Relevant part of the plasmid encoding B-galactosidase

LacZ) expression under the T7 promoter
T7 Promoter- Stability Hairpin- T7 Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa
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gtcgaccggctg
ctaacaaagcccgaaaggaagctgagttggctgctgeccaccgctgagcaataactagcataac
cccttggggcectctaaacgggtcttgaggggttttttg

Relevant part of the plasmid encoding the C23DO

Pr7-c23do enzyme expression under the T7 promoter

T7 Promoter- Stability Hairpin- T7 Terminator

taatacgactcactatagggagaccacaacggtttccctctagaaataattttgtttaactttaa

taagtcgaccggctgctaacaaagcccgaaaggaagctgagttgge
tgctgccaccgctgagcaataactagecataaccecttggggectectaaacgggtettgaggggttttttyg

Linear DNA encoding expression of RNA trigger B

Prr-trigger B (short) without stabilizing hairpins under a Pr7 Promoter.
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cgaaat

11

Relevant part of the plasmid encoding sfGFP
expression under Ptz promoter and toehold switch B

Pr7-switch B-sfgfp

ggtagtgtggggtctccccatgcgagagtagggaac
tgccaggcatcaaataaaacgaaaggctcagtcgaaagactgggcctttecgttttatctgttgtttgtceg
gtgaactggatcgtcgaccggctgctaacaaagcccgaaaggaagctgagttggcectgectgceccaccgcectga
gcaataacc

Relevant part of the plasmid encoding C23DO
expression under Ptz promoter and toehold switch B

Pr7-switch B-c23do

gtcgaccggctgctaacaaa

gcccgaaaggaagctgagttggctgctgccaccgctgagcaataac
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Relevant part of the plasmid encoding LacZ
expression under P17 promoter and toehold switch B
T7 Terminator

Pr7-switch B-lacZ

taatacgactcactatagggaga




_gtcgaccggctgctaacaaagcccgaaaggaagctgagttggctgctgccaccgct
gagcaataactagcataaccccttggggcctctaaacgggtcttgaggggttttttg

Linear DNA encoding expression of RNA S2 trigger
without stabilizing hairpins under a Ptz Promoter.

P17-S2 trigger

T7 Promoter--
cgaaattaatacgacteactatass N - - - - 2.

cccttggggcectctaaacgggtcttgaggggt

i i Relevant part of the plasmid encoding C23DO
Pr7-switch S2-c23do expression under Ptz promoter and toehold switch S2

P17 Promoter-BIIEEN c23do- T7 Terminator

taatacgactcactatagggaga

gtcgaccggctgctaacaaagccc
gaaaggaagctgagttggctgctgccaccgctgagcaataactagcataaccccttggggectctaaacg
ggtcttgaggggttttttg

Relevant part of the plasmid encoding LacZ
expression under T7 promoter and S2 toehold switch

P17-S2 switch-lacZ

taatacgactcactatagggaga
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taaggatct

ggtagtgtggggtctccccatgcgagagtagggaactgccaggcatcaaataaaacgaa
aggctcagtcgaaagactgggcctttcecgttttatctgttgtttgtcggtgaactggatcgtcgaccgget
gctaacaaagcccgaaaggaagctgagttggctgctgccaccgctgagcaataacctagcataaccecctt
ggggcctctaaacgggtcttgaggggttttttg
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C.2 CFE Reaction Conditions

Table 8. Description of CFE system, plasmid concentrations, and reaction additives
present used for each figure in CHAPTER 4

Figure Detecting CFE System Plasmid Reaction Additive
Free and
Figure | antibody PUREfrex® | 1 nM T7-LacZ omega | 0.6 mg/mL CPRG
4-2 conjugated
LacZ alpha
Figure Antibody
4_2 conjugated PUREfrex® 1 nM T7-LacZ omega | 0.6 mg/mL CPRG
LacZ alpha
Flgure | /A PUREfrex® | 0-S "M T7-Lacz 0.6 mg/mL CPRG
4-4 omega
Flgure | /A PURExpress® | -4 "M T7-Lacz 0.6 mg/mL CPRG
4-4 omega
Figure
4-6 A, | N/A PURExpress® | 5nM T7-C23DO 4 mM Catechol
B
Figure 4 mM Catechol
46 B N/A PURExpress® | 5nM T7-C23DO 1 MM FeSOq
Figure 4 mM Catechol
4_2 C N/A PURExpress® | 5nM T7-LacZ 1 wiv% X-gal
1 mM FeSOq4
Fiqure 4 mM Catechol
4_2 C N/A PURExpress® | 5nM T7-C23DO 1 wiv% X-gal
1 mM FeSOq4
4 mM Catechol
Figure 0-0.5 mM FeSOq4
47 N/A PURExpress® | 5nM T7-C23DO 1 mM Ascorbic
acid
4 mM Catechol
Figure 0-0.5 mM FeSO4
4-7 N/A PUREXxpress® | 5nM T7-C23DO 1 mM Ascorbic
acid
1 mM Citric acid
4 mM Catechol
. . 1 mM FeSOq4
Figure | 0-5nM T7- 1.5 nM T7-switchB- i
4-8 trigger B PUREXxpress® C23D0 ;CriréM Ascorbic
1 mM Citric acid
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Figure

5nM T7-

T7 Induced

2.5 nM T7-switchB-

4-9 trigger B Cell Lysate GFP 0-10 pM xDNA
5nM T7- 0.5 nM T7-switch B-

Figure | trigger B T7 Induced LacZ

410A |5nMT7- | CellLysate | 2 nM T7-switch S2- | > MM IDNA
trigger B C23DO
5nM T7- 0.75 nM T7-switch

Figure | trigger B T7 Induced S2-LacZ

4-10B [5nMT7- | Cell Lysate | 1.5nM T7-switch B- | > “MXDNA
trigger B C23D0O
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