This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for
publication in Biochemistry, copyright ©2018 American Chemical Society after peer review. To access
the final edited and published work see https://pubs.acs.org/doi/abs/10.1021/acs.biochem.8b00523, see
http://pubs.acs.org/page/policy/articlesonrequest/index.html].”

A simple colorimetric system for detecting target
antigens by a 3-stage signal transformation-

amplification strategy

Albert M. Liao, Weihua Pan, James C. Benson, Andrew D. Wong, and G. Thomas Caltagirone*
Aptagen LLC, 250 N Main St, Jacobus, PA 17407, USA.

Keywords: Aptamer; Allosteric Ribozyme; Riboswitch; Colorimetric Detection; Isothermal

Amplification; G-Quadruplex


https://pubs.acs.org/doi/abs/10.1021/acs.biochem.8b00523
http://pubs.acs.org/page/policy/articlesonrequest/index.html

ABSTRACT

Inexpensive, straightforward, and rapid medical diagnostics are becoming increasingly important
for disease identification in time and resource-limited settings. Previous attempts at linking
oligonucleotide-based aptamers and hammerhead ribozymes to form allosteric ribozymes (or
riboswitches) have been successful in identifying a variety of small molecule and protein targets.
Isothermal amplification reactions like EXPAR exponentially amplify minute amounts of nucleic
acid templates without requiring special instrumentation. We introduce a colorimetric assay that
we engineered using an aptamer, hammerhead ribozyme, EXPAR, and peroxidase activity in
conjunction with a 3,3°,5,5’-tetramethylbenzidine (TMB) substrate. This is a modular signal
enhancer system which can be easily modified to detect virtually any chosen analyte target
within 5 to 10 minutes with minimal technical requirements. Ligand-aptamer binding causes the
ribozyme to change conformation and self-cleave. The cleaved riboswitch triggers exponential
amplification of a reporter sequence during EXPAR. The amplification products fold into
ssDNA guanine quadruplexes which exhibit peroxidase-like activity and are able to oxidize a
colorless TMB substrate into a colored reaction product for visual detection. As a proof of
concept, we examined the bronchodilator theophylline vs. its chemical analog, caffeine. We
demonstrate linear changes in absorption readout across a wide range of target concentrations
(0.5 - 1000 uM) and the ability to visually detect theophylline at 0.5 uM with approximately 35-
fold increased specificity over caffeine. This 3-stage detection system is a versatile platform that

will improve the rapid identification of target analytes.



Enzyme-linked immunosorbant assays (ELISAs) have been a standard laboratory technique for
decades . Despite their usefulness for detecting minute amounts of molecular targets or
antigens, there are several limitations. ELISAs are labor-intensive and time-consuming,
requiring capture of the target analyte, long incubation periods, multiple wash steps, and
ultimately detection via photometric visualization °. These lengthy procedures coupled with
reliance on sensitive laboratory equipment preclude fast detection and point-of-care testing.
Rapid and sensitive detection of molecular target antigens at low concentrations can be achieved
by combining the following: (1) highly selective molecular targeting, (2) signal transduction and
amplification, and (3) a visually detectable readout system. Here, we introduce a novel 3-stage
molecular detection system (i.e. Apta-Beacon™) using aptameric recognition and allosteric
ribozymes to trigger EXPAR amplification and colorimetric output through a TMB-peroxidase
substrate assay to reveal low concentrations of target analytes to the unaided eye.

Aptamers are oligonucleotide sequences, ssDNA or RNA, that can recognize and bind to
molecular targets (e.g. small molecules, protein biomarkers, cells, viruses, etc.) with high affinity
and specificity * #. Aptamers exhibit several exceptional advantages over antibodies, such as a
longer shelf-life due to greater stability as well as easier, faster, and less expensive
manufacturing/synthesis . Problematic targets for antibodies, such as toxins that are poorly
tolerated by animals or molecules that do not elicit a strong immune response, typically do not
pose an issue for aptamer development *. Aptamers that specifically bind to a target can be
selected from ~10'*— 10'° random oligonucleotides using a relatively simple and rapid process
known as the systematic evolution of ligands by exponential enrichment (SELEX) °. While
aptamer binding affinities are similar to those of traditional antibodies, aptamers can exhibit

unparalleled target specificity. For example, Conrad et al. presented aptamers which could



distinguish between protein kinase C (PKC) isozymes that exhibited 96% homology °. An even
more impressive display of specificity was demonstrated by the development of an aptamer that
could recognize and bind to theophylline with 10,000-fold greater affinity than caffeine %, despite
their being structurally identical except for a single additional methyl group on caffeine.
Although there is great potential for aptamer use in a variety of applications, including
biosensors and medical diagnostics, aptamers do not directly generate an amplifiable response
for rapid detection. Below, we describe our implementation of allosteric riboswitches, which can
utilize aptameric recognition to trigger signal transduction.

Allosteric riboswitches can be generated by linking an aptamer to a hammerhead ribozyme
structural motif /2, Signal transduction is achieved by the formation of a self-cleaving
ribozyme that responds to the presence of effector targets or analytes "2, Allosteric
riboswitches have been developed against a variety of targets such as proteins °, biomarkers 7,
and small molecules /> /%, Naturally occurring riboswitch classes exist as highly conserved
sequences and structures with specific ligand pockets that target metabolites (e.g. amino acids,
nucleobases, coenzymes, metal ions) to regulate gene expression /”. Recent bioinformatic
approaches have identified many unique riboswitch variants and highlight the potential for
further discovery of molecular recognition pathways and applications ’*. Here, we use an
allosteric riboswitch to trigger signal amplification—specifically an isothermal amplification
reaction—following aptamer binding. Isothermal amplification exponentially replicates nucleic
acid material from small starting amounts in a manner similar to PCR 2, Unlike PCR,
isothermal amplification does not require special instrumentation or thermocycling, and thus can
be performed at constant temperature. Several reaction variants are able to linearly amplify

nucleic acid targets %*; however, exponential amplification reactions (EXPAR) utilize their



oligonucleotide products to prime new reaction templates and thus perform rapid exponential

I Therefore, to achieve signal transduction and rapid molecular amplification,

amplification
we use allosteric riboswitches to translate an aptamer binding event into a trigger for an EXPAR-
compatible nucleic acid response.

While EXPAR can be used to amplify virtually any oligonucleotide sequence exponentially,
specific oligo templates were used to generate guanine quadruplexes (GQ) that can form a
peroxidase-mimicking DNAzyme with hemin /. Upon the addition of hemin and peroxide, GQ
forms an active DNAzyme that is capable of oxidizing tetramethylbenzidine (TMB) to produce a
visible color change. Here, we introduce a sensitive colorimetric detection system (i.e. Apta-
Beacon™) to identify the presence of an analyte through EXPAR and TMB oxidation triggered
by target-specific allosteric riboswitch activity.

As a proof of concept and to demonstrate both specificity and sensitivity, we developed an
Apta-Beacon™ for the small molecule theophylline. Theophylline is a bronchodilator
commonly used for the treatment of asthma and chronic obstructive pulmonary disease (COPD)
and produces a therapeutic effect at plasma levels between 20 - 100 uM; however, dosing must
be closely monitored since the risk of adverse drug reactions occurs above this narrow
therapeutic range, and theophylline clearance and pharmacokinetics varies from patient-to-
patient ?°. Clinical analysis of theophylline concentrations in plasma or serum relies on high

26.27 which are time-

performance liquid chromatography (HPLC) or commercial immunoassays
consuming and prone to overestimating levels due to interference from structurally similar
caffeine and theobromine °% ?%. Our assay uses a previously developed riboswitch capable of

discerning between theophylline and caffeine . Upon recognition of theophylline, the

riboswitch self-cleaves and triggers EXPAR amplification of GQ DNAzymes that oxidize TMB



and enable the colorimetric detection and visual discernment of theophylline from caffeine at
concentrations as low as 0.5 uM. In addition to rapid visual detection, this platform also enables
precise quantification of theophylline concentrations through time-dependent linear changes in
absorption. By customizing the aptamer recognition unit bound to the riboswitch, this visual
detection system can be applied to virtually any target analyte of interest, thus providing a
modular platform for the rapid detection and quantification of molecular targets for which

traditional ELISA assays may not provide sufficient sensitivity or speed.

Material and Methods

Oligonucleotides. Sequences of riboswitch constructs are presented in Table S1. Single-
stranded DNA molecular weight marker (20/100 ladder) was purchased from Integrated DNA
Technologies, Inc (Coralville, IA 52241, USA). All DNA nucleotide sequences (Tables S2, S3,
and S4) were synthesized and desalted by Integrated DNA Technologies, Inc (Coralville, IA
52241, USA). Full-length oligonucleotides were assembled using Titanium® Taq (2 uM primers,
200 uM dNTPs, initial denaturation for 3 minutes at 94 °C, cycles of 30 seconds at 94 °C, 40
seconds at 52 °C, 60 seconds at 72 °C, final extension of 5 minutes at 72 °C). RNA was
transcribed using Ampliscribe™ T7 Transcription Kits according to kit protocols, and purified
using 10% denaturing PAGE with 8 M urea. Secondary structures for riboswitches were
depicted using VARNA interactive drawing software %/

Kits and enzymes. Titanium® Taq PCR Kit was purchased from Clontech Laboratories, Inc.
(Mountain View, CA 94043, USA). AmpliScribe™ T7 Transcription Kit was purchased from

Epicentre Biotechnologies (Madison, WI 53719, USA). Nicking endonucleases (Nt.BstNBI),



DNA polymerases (Bst. 2.0), and T4 polynuceotide kinase were purchased from New England
Biolabs, Inc. (Ipswich, MA 01938, USA).

Reagents. Theophylline (THE), caffeine (CAF), flavin mononucleotide (FMN), hemin,
hydrogen peroxide solution (H202, 30 wt. % in H,O) and TMB (3,3°,5,5’-tetramethylbenzidine
dihydrochloride) were purchased from Sigma-Aldrich Corp. (St. Louis, MO 63103, USA).
Hemin stock solution (5 mM) was prepared in DMSO (AMRESCO LLC, Solon, OH 44139,
USA), stored at -20 °C in the dark, and used within one month. TMB stock solution was
prepared by dissolving 1 tablet TMB (1 mg) in 8.33 ml 100 mM sodium phosphate pH 6.0
(NaH2PO4) and stored at 4 °C in the dark. All other reagents were prepared with Molecular
Biology-Grade USP Sterile purified water from Corning, Inc. (Corning, NY 14831, USA) and
stored at -20 °C.

Apparatus. Riboswitch template construction and quantitation were performed using a PTC-
100 programmable thermal cycler (MJ Research Inc., Bruno, J3V4P1, Canada), PAGE
equipment (C. B. S. Scientific Co., Del Mar, CA 92014, USA), and ND-1000 UV/Vis
spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE 19810, USA).

Riboswitch reactions. Riboswitch reactions in Stage 1 for all constructs were conducted using
240 nM riboswitch (i.e. RS-TFU76, RS-TFU107, RS-FMN72, etc.) with target (i.e. THE, CAF,
or FMN) concentrations ranging from 0.100 — 1500 uM, unless otherwise indicated. T4
nucleotide kinase mix is comprised of 0.5 pL of water and T4 polynucleotide kinase (10 U/uL)
with 1 pL of 10X T4 nucleotide kinase buffer (700 mM Tris-HCI at pH 7.6, 100 mM MgCla, 50
mM DTT). Reactions were initiated by combining 1 pL T4 nucleotide kinase mix, 1 pL 5X
reaction buffer (250 mM Tris-HCl at pH 7.5 and 100 mM MgCl,), and 2 pL of 600 — 2400 nM

riboswitch (in nuclease-free water) in the presence or absence of 1 pL target. After an indicated



length of time, reactions were terminated by chilling on ice. Following reactions, 2.5 uL was
used for denaturing PAGE analysis.

G-quadruplex-exponential amplification reaction (GQ-EXPAR). 12 pmoles of each
ssDNA template (p3tq49 and qtq47) were added to 35 uL reaction buffer, which contained 40
nmoles dNTPs (8 nmoles dATP, 4 nmoles dCTP, 24 nmoles dGTP, and 4 nmoles dTTP,
optimized for G-rich EXPAR products), 64 units Nt.BstNBI nicking endonuclease, 1.6 units Bst
2.0 DNA polymerase, 2 uL 10X Isothermal Amplification Buffer (200 mM Tris-HCI, 100 mM
(NH4)2S04, 500 mM KCI, 20 mM MgSOs4, 1% Tween® 20, pH 8.8 at 25 °C) and 2 pL 10X
NEBuffer 3.1 (1 M NacCl, 500 mM Tris-HCI, 100 mM MgClz, 1 mg/mL BSA, pH 7.9 at 25 °C)
(Soukup et al., 2000). GQ-EXPAR was initiated by combining 2.5 uL of riboswitch-reaction to
17.5 uL of this pre-mixture in thin-wall PCR tube strips. These samples were incubated at 55 °C
for indicated times with a preheated metal block (85 °C) laid on top of the tube strips to prevent
evaporation. Reaction was terminated by chilling on ice. Reaction product (2.5 ul) was used for
10% denaturing PAGE (8 M Urea) analysis.

Tetramethylbenzidine (TMB) redox. GQ-EXPAR reaction product (2.5 pL) was combined
with 2.5 pLL of Hemin-KCl solution (4 uM Hemin, 25 mM KCI; prepared fresh for each trial)
and 95 uL TMB-H2O; solution (0.12 mg/mL TMB, 18 mM H20, 100 mM NaH>PO4-Na;HPO4
at pH 6.0) to initiate the GQ-Hemin (DNAzyme) catalyzed TMB redox reaction. Reactions were
carried out at 23 °C for indicated times. Photographs were taken in a light box under ambient
light using a Samsung WB350F digital camera.

Lower Limit of Detection Analysis. In Stage 1, 240 nM of riboswitch (RS-TFU107) was
incubated with 0.48 — 1500 uM theophylline in 1X reaction buffer with a 1:10 dilution of T4

nucleotide kinase mix for 3 minutes at 23 °C. A buffer-only control (i.e. no theophylline) and a



riboswitch-only control (i.e. no theophylline, no buffer) were also assayed. Reactions were
stopped by transferring to ice and combined with 70 pL of EXPAR pre-mixture. Samples were
divided into three 20 uL aliquots to undergo EXPAR at 55 °C for 5 minutes. Each sample was
combined with 1 pL of hemin-KCI solution and 29 pL of TMB-H,O:> solution, then incubated
for 3 minutes at 23 °C for color development. Color development was stopped with 20 pL of 2
M H>SO4, and samples analyzed for absorbance at 450 nm (Flexstation 3 Microplate Reader,

Molecular Devices, Sunnyvale, CA) at room temperature.

Results
Mechanism of 3-Stage Detection System. This aptamer-based bio-detection system is made up

of  three  separate  stages which have been  outlined in  Figure 1.
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Figure 1. Allosteric riboswitch — GQ-EXPAR system overview. (Stage 1) Effector
ligand/theophylline target (T) binds to aptamer domain linked to a cis-acting hammerhead
ribozyme (RS-TFU76), inducing the conformational change to the “ON” state and subsequent self-
cleavage that forms two products, P1 and P3. T4 polynucleotide kinase reduces the 2’,3’-cyclic
phosphate on P3 to a terminal 3’-hydroxyl, thus producing an active site for EXPAR
initiation. Representative denaturing PAGE gel showing the resulting cleaved product (P3) in the
presence of theophylline (1 mM) (bottom). (Stage 2) EXPAR amplification is initiated by the
cleaved kinase-treated ribozyme (P3) and from the given templates produces ssDNA guanine

quadruplex precursors (Q). Representative denaturing PAGE gel showing development of Q



(bottom). (Stage 3) ssDNA Q folds in the presence of potassium (K+) and associates with hemin
(H) to generate peroxidase activity. Color is developed as the clear 3,3°,5,5’-tetramethylbenzidine

(TMBred) substrate is oxidized to a blue state (TMBox). Representative color development in tube

strips (bottom).

The riboswitch involved in Stage 1 is comprised of an aptamer domain and a cis-acting

hammerhead domain bridged by a communication module in stem II (RS-TFU76, Fig. 2A).
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Figure 2. Allosteric riboswitch targeting, activation, and self-cleavage. (A) Inactive modified
theophylline riboswitch (RS-TFU76) with aptamer-binding domain (left, stem II), communication
module (middle, stem II), and hammerhead ribozyme motif (right, stems I and III). Theophylline
(T) adheres to putative binding site and activates RS-TFU76 (right). Hammerhead ribozyme self-

cleavage site indicated by red arrowhead. (B) (Left) Subtle molecular difference between



theophylline and caffeine indicated by red dashed circle. (Right) 10% denaturing PAGE of RS-
TFU76 reactions. DEPC-treated water only and reaction buffer only reactions used as negative
controls. Reactions against caffeine (CAF) and theophylline (THEO) from 1000 to 1 uM. Assays

performed at 23 °C for 3 min with 0.5 uM riboswitch.

Originally adjacent to the catalytic core of the riboswitch was a G16-C50 pairing in stem II
that maintains cleavage activity and defines the boundary of the catalytic core ** 3. This base
pair has been modified during the course of our studies to G16-U50 to improve the specificity of
the system (Fig. S1). The native state of the riboswitch (Fig. 2A) does not maintain the G16-U50
pairing, resulting in a largely inactive switch in the “OFF” conformational state. When
theophylline populates the aptamer domain in Stage 1, the domain structurally transforms,
causing a rearrangement of the stem II communication module ** / and restoring the G16-U50
base pair. This causes hammerhead ribozyme activation, changing to the “ON” conformational
state and leading to self-cleavage (Fig. 2A) 4. Self-cleavage causes the riboswitch to open and
create two cleavage products (i.e. P1 and P3) (Fig. 1). P3, the larger of the two cleavage products,
exhibits a new 3’-end containing a 2’,3’-cyclic phosphate, and the addition of T4 polynucleotide
kinase is able to reduce the cyclic phosphate so that P3, acting as a “trigger”, can initiate 5’ to 3’
polymerization in EXPAR for Stage 2 ** %%, Although P; could also be used to trigger EXPAR in
Stage 2, its location at the end of Stem I (Fig. 2A) is predisposed to “breathing”, or reversible
base-pair dissociation, and this kinetically induced exposure of the P sequence can prematurely
trigger EXPAR without self-cleavage or analyte detection. As such, Pi does not participate
further in subsequent stages. Theophylline is not consumed during riboswitch activation and
cleavage, therefore it can be released by the aptamer domain and become available to bind to

another riboswitch in Stage 1.



During EXPAR in Stage 2 ¥, Bst 2.0 polymerase extends Ps into a quadruplex precursor
segment (Q1g) using a P3’-Q’ template (Table S4). The nicking enzyme Nt.BstNBI cleaves the
newly polymerized Q1s from the Ps trigger, allowing Q15 to dissociate or be displaced by another
unit of Bst 2.0 polymerase that re-extends the P3; segment. This allows the regenerated primer-
template to continually generate Qg at a linear rate. After dissociation, the generated Qs
segments either prime the Q’-Q’ template for exponential amplification of additional Qg or self-
fold into G-quadraplexes upon the addition of potassium in stage 3.

In Stage 3, the G-quadraplexes self-assemble with hemin into an active DNAzyme, which uses
TMB as a proton donor to reduce H2O> to H20O. The oxidation of TMB causes a color change in
the solution, progressing from clear to blue to yellow.

Aptamer sensitivity and specificity. Caffeine, which structurally differs from theophylline by
only a single methyl group (Fig. 2B), was used as a control to test the specificity of the detection
system °. The theophylline riboswitch alone has been reported to exhibit =400-fold greater
affinity towards theophylline vs. caffeine, with a Kqof 15 uM 4. When verifying riboswitch-
only detection results by denaturing PAGE, we observed un-cleaved riboswitch as a 76 nt band
and cleaved riboswitch as a 68 nt band (P3), while the shorter cleaved off segment of the
riboswitch (P1) ran off the gel (Fig. 2B). Despite incubation at concentrations at 1 - 1000 uM,
caffeine does not initiate appreciable levels of ribozyme cleavage whereas theophylline produces
a concentration dependent cleavage response. At 1 mM, theophylline is able to cleave a
significant fraction of the full-length ribozyme in only 3 min at room temperature.

EXPAR reaction and color development. Following 1 mM target (i.e. theophylline) and
control (i.e. caffeine, buffer) reactions with 240 nM ribozyme (RS-TFU76) for 1 min, cleavage

product (P3) from Stage 1 was subjected to EXPAR for 3 - 6 min (Fig. 1). Half of the reacted



material in Stage 2 was used for PAGE analysis (Fig. 3A), and the remaining half was used for
GQ color development (Fig. 3B). Full-length EXPAR products are evident as 47 nt and 49 nt
bands during PAGE analysis (Fig. 3A), while the nickase-cleaved EXPAR products (i.e. Qg and
Q290) manifest as 18 nt and 29 nt products. PAGE specificity for theophylline was determined for
3 - 6 minute EXPAR reaction times. Caffeine served as a control to assess background

amplification and specificity of the reaction.
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Figure 3. Effect of EXPAR incubation time on GQ generation and color development. (A)
EXPAR conducted for the indicated times using activated riboswitch (RS-TFU76) from Stage 1
incubation with 1 mM theophylline or caffeine. Half of each EXPAR reaction analyzed on
denaturing PAGE. Red arrowhead indicates the pre-cleaved EXPAR product as well as
template; blue arrowheads indicate the nicking products (Q18 and Q29) generated during
isothermal amplification. (B) The remaining half of each EXPAR reaction product was used for
color development of 3 min to overnight (O/N).

Caffeine exhibits “background” EXPAR reaction products with increasing reaction time (Fig.
3A). The effects of buffer alone were similar to caffeine controls at EXPAR reactions times
greater than 3 min (Fig. S2A). EXPAR in the absence of initiator oligos has been shown to
suffer from early phase non-specific background amplification that may not be completely
explained by contamination and primer-dimer formation, but may be due to polymerase/template
interactions *°. Optimization was conducted (Figs. S3 and S4) using a previously successful
method to design EXPAR templates (Table S4) that minimize background amplification ** while
considering optimal GQ length (Fig. S5A). Denaturing PAGE analysis after EXPAR shows that
theophylline will generate about 1.5- to 5-fold more product in Stage 2 than equal amounts of
caffeine or buffer given EXPAR reaction times of 3 - 5 minutes (Fig. 3A). At EXPAR reaction
times greater than 5 minutes, non-specific background amplification limits the reliable
discernment of theophylline from caffeine (Fig. 3A).

To demonstrate color development following EXPAR, GQ-EXPAR products were combined
with color development solutions (see Materials and Methods) to a final concentration of 0.1 uM
hemin, 0.114 mg/mL TMB, and 17.1 mM H>O,. Color progressed from clear to blue based on

the amount of EXPAR product and development time. A 3 min EXPAR reaction time was not



sufficient to generate adequate product for color development (Fig. 3B). EXPAR reaction times
greater than or equal to 4 min, in combination with color development times as short as 3 min,
enabled visual discernment between theophylline and caffeine. For longer EXPAR and color
development times, color progressed from blue to green (Fig. 3B) and eventually yellow (Figs.
S5 and S6).

At the shortest EXPAR time tested, 3 min, visual colorimetric differences could not be noted
until 90 min of elapsed color development time (Fig. 3B). Colorimetric differences between 1
mM theophylline and caffeine could be faintly detected by eye in as little as 4 min EXPAR time
and 3 min color development time (Fig 3B). These results demonstrate the rapidity by which
outcomes from this test can be attained, an important attribute for a medical diagnostic that
informs urgent or time-sensitive treatment.

Establishing practical minimal target quantity. To increase sensitivity at lower target
concentrations, we incubated RS-TFU76 with theophylline for longer periods of time, thus
increasing the reaction time in Stage 1 and cleaved product (P3) entering Stage 2. Performing a
Stage 1 reaction time of 3 min (Fig. 4), instead of 1 min (Fig. 3), increased the amount of cleaved
riboswitch product detected in PAGE gels (Figs. 3A and 4A) and resulted in shorter color
development times (Figs. 3B and 4B) despite being incubated with a ten-fold lower
concentration of theophylline or caffeine. Colorimetric differences between theophylline and
caffeine could be discerned after 3.5 - 4 min EXPAR reaction times, but specificity markedly
decreased at 5 min (Fig. 4B). Due to the high specificity of riboswitches, increasing the
incubation period in Stage 1 is able to more efficiently improve the lower detection limit rather
than extending EXPAR time in Stage 2, which is prone to non-specific background

amplification.
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EXAPR product and template, and the blue arrowheads indicate the nicking products generated



during isothermal amplification. (B) The remaining half of the EXPAR reaction products were

used for color development over the indicated times.

To further improve the lower detection limit, we increased the sensitivity for theophylline in
Stage 1 by utilizing RS-TFU107 (Table S1). This construct differs from RS-TFU76 by
containing a total of 22 bp on its stem I (SI) with a three-base overhang. RS-TFU76 exhibits
only 8 bp on SI, which likely produces a lower stability structure with higher background due to
steric interactions between stem I and II /7 . RS-TFU107 exhibited stronger detection of 10
uM theophylline than RS-TFU76 (Figure S7), and the additional stability provided by the 22 bp
SI enabled 0.5 uM theophylline detection (Fig. 5). At 10 uM target concentration, we could
rapidly distinguish between theophylline and caffeine (i.e. 3 min riboswitch reaction, 4 min
EXPAR, and 3 min color development) (Fig. SA). Lower analyte concentrations could be
visually detected by simply increasing the color development time while keeping the same
conditions in Stages 1 and 2. For example, to visualize colorimetric differences between
theophylline and caffeine at the lowest tested target concentration, 0.5 uM, color development
time was increased to 30 min (Fig. 5A). While visual discernment of lower target concentrations
may be achieved with longer color development times, the current system is amenable to faster
and more quantitative detection by utilizing an absorbance plate reader to measure differences in
H>SO4-stopped samples (to stop the color development reaction and maintain equal color
development time between samples) that are unperceivable to the naked eye (Fig. 5B). Thus, in
addition to demonstrating the visual detection of clinically relevant levels of theophylline (20 -
100 uM), this 3-stage system also enables the fast and precise quantification of a wide range of

theophylline concentrations (0.5 - 1000 uM) by measuring absorbance (Fig. 5B).
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System produces visually discernible differences in color development against as little as 0.5 uM



theophylline (THEO) over caffeine (CAF) within 30 minutes of color development. Reactions
were performed using a final concentration of 240 nM TFU107 combined with 0.5 -10 uM of
either CAF or THEOQ, and were incubated at 23 °C for 3 min. EXPAR incubations were conducted
at 55 °C for 4 min, and the color was allowed to develop for up to 90 min, as indicated at left of
the tube strips. (B) Linear absorbance readout of THEO target concentrations on semi-log plot of

H2S04-stopped color development. Results at each concentration represent mean + SE (n = 3).

Discussion

Molecular amplification for enhanced sensitivity. Aptamers have been developed through
the SELEX process to complement and/or replace antibodies in ELISA detection systems /.
While these molecular detection schemes have demonstrated the benefits of incorporating
systematically engineered aptamers, they are limited by their dependence on photometric
detection and long assay durations 2. Colorimetric systems have been developed that utilize
aptamer recognition to trigger a visible color change through the induced aggregation of metal
nanoparticles and changes in surface plasmon resonance ** #. In principle, these systems
provide visual detection and rapid processing times; in practice, they lack signal amplification to
enable the visual discernment of lower concentration limits of targeted analytes, and ultimately
require photometric detection for concentrations below 250 uM of theophylline *’. Aptamer
binding and signal transduction for triggered molecular amplification and detection has recently
been demonstrated for the biosensing of PGDF-BB and adenosine at lower limits of 0.38 fM and
48 nM respectively; however, the implementation of strand displacement amplification and N-
methyl mesoporphyrn IX limits the rapidity of the assay to hours and quantitation relies on

fluorescence detection #/. Substituting a fluorescent substrate in Stage 3, rather than triggering a



colorimetric output, can further improve the lower detection limit of the herein described system,
but increases the equipment burden for detection. Here, we incorporate signal transduction and
rapid amplification in Stages 1 and 2 that can be tuned to increase the visible readout in Stage 3
within minutes for clinically relevant concentrations of theophylline (20 - 100 uM). We have
demonstrated that longer incubation times between a high specificity, self-cleaving riboswitch
and target analyte in Stage 1 resulted in more cleaved product to initiate EXPAR in Stage 2, and
thus improved signal amplification to visually detect lower limits (0.5 pM) in Stage 3 (Fig. 5).
The incorporation of a well-defined amplification stage is key for generating a robust molecular
response that provides a visual readout in real-time.

Practical application for medical diagnostics and theragnostics. Theragnostics is the
ongoing diagnostic monitoring of patients during treatment of a disease or condition and
subsequent modulation of drug dosage based on response #*. Fast and accurate theophylline
monitoring during treatment may reduce the risk of overdose and improve the clinical
management of COPD and asthma % %, Typical sandwich ELISA procedures result in an assay
duration of approximately 6 — 20 hours *”. Here, we have demonstrated the visual detection of
pharmacologically relevant levels of theophylline within minutes (Fig. 5). Rapid and
inexpensive technologies have enabled the emergence of low cost, point-of-care diagnostic
devices °. The most familiar diagnostic platforms include electrochemical and lateral flow
assays ** and paper strips *’. Several commercialized diagnostics utilize microfluidics to
miniaturize these platforms and reduce reagent cost; however, they often require portable
analyzers or workstations to automate sample processing and detection to realize the technology
in a point-of-care setting *>#’. Our assay requires relatively minimal expertise and fluid

handling steps to mix preloaded volumes between Stages 1 — 3 and a heating element to maintain



a 55 °C reaction temperature for =5 min during Stage 2 (Fig. 1). While this 3-stage detection
system can be readily adapted for automation and precise quantitation (Fig. 5B), we have
demonstrated the fast and sensitive detection of theophylline by eye without sophisticated back-
end equipment or benchtop systems. Although exogenous RNA and riboswitches are highly
susceptible to degradation in plasma “%, the addition of RNase inhibitor has been shown protect
RNA aptamer functionality for the electrochemical detection of theophylline %°.

Previously, a molecular sensor system was engineered using an allosteric riboswitch coupled
with a fluorophore, quencher dye, and double-labeled RNA substrate, in which riboswitch
activation by aptamer-ligand binding was coupled with fluorescence quencher removal and thus
fluorescence increase ’. Sensitivity was demonstrated for theophylline concentrations ranging
from 0.01 to 2 mM 7. However, unlike the colorimetric system described in this work, in which
differences between samples can be easily discerned visually, the fluorescence-based system
required a UV light source for result detection. While certain diagnostics offer concurrent
multiplex detection against several different analytes *°, they require sensitive photometric
equipment for readout. As such, the herein developed colorimetric system is more practical for
limited laboratory and point-of-care settings.

Adaptability of 3-Stage Detection System. Since the aptamer recognition unit of the
riboswitch can be interchanged, this system can be adapted to detect virtually any targets capable
of aptamer detection while riboswitch functionality is maintained. As an additional proof of
concept, we have adapted a pre-existing riboswitch for the detection and colorimetric output of
flavin mononucleotide (FMN) (Fig. S1 and S2). Our system has practical applications in many
medical diagnostic tests, especially those requiring high sensitivity and/or rapid processing times

to inform critical medical treatments, such as immune-mediated type II heparin-induced



thrombocytopenia (HIT-II) °’, pertussis */, troponin ?, syphilis **, Ebola °/, and Lyme disease *°
among others. Aptamers have been developed for the detection of HIT-II °°, troponin 7/, syphilis
38 and Ebola ”?, and can be readily implemented in our colorimetric amplification system for
medical diagnostic usage. Additionally, the ease with which aptamers can be screened and
produced for nearly any analyte and utilized in this format may result in the widespread
development of easy, rapid diagnostic tools for a multitude of infectious disease and theragnostic
applications. The 0.5 uM detection limit for this system serves as a strong basis for further
optimization to reduce assay duration, determine detection limits with samples from human
serum, and achieve a level of sensitivity comparable to that of existing immunoassays (fM —nM)
#7_ Substituting a fluorescent substrate, such as QuantaBlu™ or QuantaRed™ (Thermo Fisher
Scientific; Waltham, MA), AmplifluRed™ (Sigma-Aldrich; St. Louis, MO), or H-DCFDA, in
Stage 3 should improve the lower limit of detection and further demonstrates the advantages of
the herein described 3-stage detection system that enables relatively simple customization by

interchanging individual stages.

Conclusions

We engineered a medical diagnostic assay consisting of an aptamer, hammerhead ribozyme,
and GQ-EXPAR reaction. The target analyte binds to the aptamer, causing ribozyme cleavage
that initiates an EXPAR reaction. The resulting amplified DNA sequences form GQs and bind to
hemin to trigger a peroxidase-supported colorimetric reaction that develops a visible color
change from clear to blue. The results from this system can be obtained in a short amount of
time with limited equipment and can be visualized via a straightforward colorimetric output. We

have demonstrated a visual diagnostic capable of discerning between theophylline and its



chemical analog caffeine at concentrations as low as 0.5 uM. The advantages of SELEX derived
aptamers over antibodies, coupled with the ease with which our system can be re-engineered,

allows for this test to be tailored for nearly any aptamer targeted analyte.
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