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ABSTRACT

RNA-cleaving DNAzymes (RCDs) are a class of functional nucleic acids that can bind
various targets ranging in size from small molecules to large proteins, which results in activation
of cleavage activity. The activation of RCDs results in the cleavageibbnucleotide site in an
otherwise aHDNA substrate, leading to two cleavage fragments. In this work, a previously
identified DNAzyme that binds to a protein biomarker endogenotielicobacter pylori(J99)
crude extracellular matriwas evaluated focoupling to an isothermal amplification method
termed rolling circle amplification (RCA) as a way to improve the originally reported detection
limit. Three RCD constructs were designed with the goal of generating a cleavage fragment that
could act as arimer to initiate RCA. The first method used the original HP DNAzyme, which
liberated a short cleavage fragment that could be used as a primer. However, the primer fragment
was rapidly digested by the bacterial matrix, preventing RCA. A second methlcted use
of a circularized substrate and separate RCD to generate a primer, however this system was not
capable of generating a cleavage fragment. A final method redesigned the original RCD to move
the substrate regi on fRCD,ncausing ¢ée IBnger RGEbntaiing 56 e
fragment to be the primer for RCA. In this case, tatggtiered cleavage was observed and the
resulting primer was sufficiently resistant to digestion to allow its use as a primer for RCA.
Preliminary characteriz@an of the rearranged RCD showed that it retained selectivity similar to
the original RCD, but that the cleavage rate was slower. In addition, the RCA based reaction,
while successful, did not produce improved detection sensitivity relative to unachplisays.

Methods to further improve RCA performance are discussed for future work.
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CHAPTER 1 | INTRODUCTION

Infectious pathogensind the diseases they cause are a great threat to human life
throughout the world a statement that rings especially true in light ofcheentcoronavirus
pandemic.Unlike some other human diseases, infectious diseases have unique characteristics
that make them great targets for both prevention and eradication in part because a single agent
perpetuates the dised8eBacterial infections are a sulbsef infectious diseasesyhich are
propayated by pathogenic bacteriBven more frightening is the perniciousness of bacterial
infections, especially with the increasing incidence of antimicrobial resistance, sometimes called
antibiotic resistancelhis leaves a substantial gap in the treatneptibns for bacterial diseases,
increasing the likelihood of their spreadls such, rapid and sensitive detection efterial
speciesis essential to mitigating and tracking sprezdpathogenic disease globalgnd is

commonly usedor human angbublic health, biosecurity, and food and water sdféty.

Helicobacter pyloriis a pathogenic bacterium and known carcindgan colonizesn the
stomach in severe cases escalating to dyspepsia, peptic ulcers, or gastric@anttr.an
overall prevéence of 44.3%n the world population,t he wor |l dés highest
found in the developing worlahcludingthe Caribbean and Latin America® Testing methods
for H. pylori infection are important for initial diagnosis, but also in monitoring the success of
eradication therapgs isrecommended in all cases of infectiMore and moref cases wih
treatment failure can be attributed to an increased incidence of antibacterial résigigiari

straing®! further highlighting the importance of peséatment testing.

While invasive diagnostic methods like endoscopic biopsy and subsequentgyisicdo
highly accurate, neimvasive methodsare required to allowfaster testing timg greater

simplicity and lower overall test cot. Additionally, noninvasive methods are preferred for

1



posttreatment success monitorinfwo of the gold standards for namvasive detectiomre the

stool antigen test and urea breath t&8tthoughthese tests are regularly administbin clinical
settings and not at the point of care (POI@)addition, current rapid antigen tests show poor
sensitivity®® while urea breath tests require either scintillation counting or mass spectrometry to
detect the exhaled products of urea hydrolysis (typically radiolabelled or isotopically labelled
carbon dioxide¥! As a result, novel methods of bacterial detection that can compete with
conventional multiday laboratory testingre sorely needed®ne approach to developingew
bacterial detection systems is to design simple bioassays@sahsorshatmeet the ASSURED
criteria, being:Affordable, Sensitive, Specific, Us&iendly, Rapid and robust, Equipmeinte

and Deliverable to endsers particularly thosan low-resource countries or in locations apart
from the traditionahospital/laboratory setting. As shown kigure 1.1 a typicalbiosensor is
comprised of a biological agent used as a molecular recognition element (MRE), and a tranducer

that can convert binding of a target to the bioreceptor.

Bioreceptor

Target

.. Transducer @
. I Signal

Biorecognition
Event

TARGETS BIORECEPTORS TRANSDUCERS
Small Molecules )%12;( Proteins NN\ Optical @

Nucleic Acids DOC Enzymes @ Electrochemical A

Aptamers &O Thermal B
Wr Mass-Based .."E i ..?i

Figure 1.1.General design components shared by analytical bioassays. Several exa
potential targets, bioreceptors, and transducindnaust are included. Figure by the author.

Proteins

Whole cells

Antibodies



Functional nucleic acid (FNA)based assays and FNbased sensorase FNAs as a
bioreceptors andave increased in popularity in poiof-care applications in the fields of
environmental monitoring! diagnosticg®! and other small moleculeetection® % FNAs can be
selected fotargetsrangingin sizefrom small molecules to proteins to whole celisdiversity
that highlights the power of thesystematic evolution of ligands byxgonential enrichment
(SELEX) method!* 13 Aptamers are a specific class of FNginglestranded DNA or RNA
probes thatindergointra-nucleotide binding and necovalent target binding to give aptamers a
definedtertiary structuré*® that is adopted upon binding to the targeta similar induced fit
model as antibodies, earning aptantedls e ni c kname f cHfleeokydbazymeant i b o
(DNAzymes) are FNAs that are selected for their catalytic ability after binding to a target, using
this reaction monitor biorecognitiod”?*! The first DNAzyme reported by Breaker and Joyce
reported the claage of a ribonucleosideontaining DNA sequeng&! and have since grown
widely in their usé??l DNAzymes can be cladid ascis (Figure 1.2A) when the catalytic and
substrate sequences are linkedfrans (Figure 1.2B) where tley are two separate sequences.
DNAzymes can similarly be incorporated as an MRE in lieu of an aptamer, utilizing the
DNAzymeds <catal yti c albereiaceass tham ten ¢éxamplgsiftdiredtlg t e c t |

selected aptazymes, with others beiegadoped usingliscoverybased SELEX stragges 22
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Figure 1.2. A) The catalytic and cleavage action @§-RCD. B) The catalytic and cleave
action of aransRCD.

Previously,our laboratoryreported a RNA-cleaving DNAzyme (RCDassay capable of
sensitive detectionf H. pylori in human stool samples with minimal sample proceg$thghe
RCD contains both a target recognition region, which allows tangeliated activation of
catalytic activity, and a substrate region containing a ribonucleotide that can be cleaved by the
DNAzyme to produce two cleavage fragmefgure 1.3A).1721.231 A highly specific HP-
activatedRCD was generated using thleeude extracellular matrix (CEM)f the bacterium,
producing cleavaget the ribonucleotide unit in the chimeric DNgubstrate stranca common
strategy in RCD desigh. This ribonucleotide nit (riboadenosine, rA) wadlanked by a
fluorophore (fluoresceindT) and quenchedabcytdT), allowing for easy detection ofhe

bacterium based on dequencing of fluorescence upon cld&dg€ producing a simple



fluorimetric assay with a detectidimit of 10* CFU/mL (Figure 1.3B), a marked improvement

over the LOD of the commercial LFD (1GFU/mL).
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Figure 1.3. A) A figure depicting the schematic ofs-RCD cleavage, resulting in dequenct
and an increase in fluorescence Ki)etic fluorescence data ofs-RCD cleavagérom [5].

One method that can be used to improve the detection limit of assays that incorporate
functional nucleic acids as MRHEs to use a nucleic acid amplification step to amplify the
ultimate signal. The most common nucleic acid amplification strategy isotiimgrase chain
reaction (PCR)a common biochemical method of increasing sensititgiomarker detectian
PCRutilizes a DNA polymerase and several thermocycling steps to allow for the replication of a
known sequence. Specific temperature requirements and instrumentation precludes its use in
point of care (POC) testing and renders the meihcampatible with ASSBED assay&*2°! In
the early 1990s, similar enzymatic methods of amplification without temperature cycling began
to emerge where amplification reactionghat occur at a sigle temperatureproducing an
isothermal amplificatior{ITA) method.A number of ITA methods have emerged in the last 30

5



yeass 53l These methods range in their mode of operation from DNA replication, enzymatic
degradation and enzyniee nucleic acid assemyidf* Specifically, for POC applications

methods that operate at room temperaturespecially useful.

Rolling circle amplification (RCA) is amsothermal amplification methodsethod that
can be prformed at room temperature making it amenable to POC tests in ambient environments
(Figure 1.4). 1101 RCA is triggeredby a short complementarysingle stranded nucleic acid
primer. An engineered circular nucleic acid is hybridized topttvaer which issubsequently
extended by a DNA or RNA polymerase using deoxyribonucleoside triphosphates (dRI¥Ps)
Standard RCA involves linear amplificati of the primer to produce long single stranded
nucleic acid strands comprised of repeating units complimentary to the sequence found on the
circular DNA templaté®! resulting in tens to hundreds of repeats per prifBexeral reports
have described thiategration of DNAzymes with RCA (see Chapter 2 for a full review of this
field), and thus the goal of this thesis was to evaluate the use of the HP DNAzyme for regulation

of RCA so as to produce a HP assay with improved sensitivity relative to the dyigaperted

N’ O
primer Phi29 DP

Figure 1.4. Schematic depicting the process for rolling circle amplification (RCA).

assay.

Chapter 2 of my thesiserves as a detailed review BNA-based bioassays and

biosensors that utilize RCA as an isothermal amplification step. In this chapter, we highlight the



key considerations for bioassay and biosensor desigmidingl targetriggered biorecognition,
signal amplification, and detection strategycluding strategies for incorporating RCA with
DNAzymes From there, we detail progress in the field over the last decade, highlighting our
peers that have developed rebwand practical assays that tatealworld limitations into

account.

This is followed by a description of the key methods used to integrate the HP DNAzyme
with RCA. The first methoexplored a RCD design very similar to the original work, where a
smallRCD cleavage fragment would initiate amplification. A second method evaluatadsa
RCD arrangement to minimize issues with endogenous nucleases that could result in nucleic acid
digestion. Finally, we explored a new RCD design that moved the substyaie of thecis-
RCD to the 36 end of the sequence. I n each
fragments, and the ability of cleavage fragments to initiate RCA were investigated. Issues
related to variations in the concentration of DNAzyraggéts as a function of HP culturing
conditions were also investigated. final RCA-based assay for HP using the rearranged HP
DNAzyme is then described for amplifieluorescence detection dfi. Pylori. The thesis
concludes with a discussion of remainidgallenges anduture wok remaining to develop a

working sensor for HP.
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Abstract: Functional nucleic acids (FNA), including DNA
aptamers and DNAzymes, are finding increasing use as molecular
recognition elements (MRE) for point of care (POC) devices. An
ongoing challenge in the development of FNA-based POC sensors
is the ability to achieve detection of low levels of analyte without
compromising assay time and ease of use. Rolling circle
amplification (RCA) is a leading nucleic acid (NA) isothermal
amplification (ITA) method which can be coupled with FNAs for the
ultrasensitive detection of non-NA targets. Herein we examine the
key considerations required when designing FNA-coupled
biosensors utilizing RCA. Specifically, we describe methods for
using FNAs as inputs to regulate RCA, various modes of RCA
amplification, and methods to detect the output of the RCA reaction,
along with how these can be combined to allow detection of non-NA
targets. Recent progress on development of portable POC devices
that incorporate RCA is then described, followed by a summary of
key challenges and opportunities in the field.

1. Introduction

NA targets, with an emphasis on sensors that are suitable forgboint
care (POC) applications.

Functional nucleic acids, which are either NA aptamers or
(deoxy)ribozymes (RNAzymes or DNAzymes)ave seen widespread
use asmolecular recognition elements (MRE®r the selective
detection of noNA targetd®>” '3 While both RNA aptamers and
ribozymes are present in natun® naturally occurring®NA aptamers
or DNAzymes have been found to dBfé Hence, all such species
have been generated using artifi¢ralivo selection methods.

The first reported selection of a DNA aptamer wasl99Q with
three different groups independently reporting the discovery of DNA
aptamers using a using process known as SELEX (Systematic
Evolution of Ligands by Exponential EnrichmgRf18 This
Darwiniantype process of selectidii! and variationsof it,?® have
led to the discovery adptamerdor a variety of targetsncludingsmall
molecules, proteins, viruseand cells, typically with picomolar to
micromolar binding affinitiedt”:182130  These singlestranded NA
probestypically undergosubstantial conformational changes upon-
covalent target bindingroducinga definal tertiary structurdvased on
an induced fit with the target earning aptamers the nickname

Modern nucleic acidbiosensorsNABs) have found widespread i ¢ h e mi c al ol7aA'lt Aptameksi cansbe incredibly selective,
use as theyprovide many advantages over traditional diagnosti(‘f"'th the theophylline aptamer able to distinguish between theophylline

methodd?3 NABs can provideprocessing times of minutes to hours,a“d caffeinei a single methyl group difference with 1000Gfold

are substantially smaller andhore affordablerelative to traditional

instrumentbased methodsand are often semiautomagd, requiing
minimal user training.

These make them excellent candidates fdf€ PDGFAA isofor

selectivity®? and the anti-plateletderived growth factor (PDGF)
aptamerbinding the PDGFBB isoformwith 700-fold sdectivity over
m.2 Even enantiomers can be differentiated

applications at theoint of care (POC) A key advantage of NABs is W_ith _ the .L-adenosine ap'Famzer showing over 176 chiral
the ability to integrate nucleic acid amplification strategies, which caffScrimination over Badenosing”!

significantly improve the limit ofdetection ¢!

NAs (DNA, RNA, or miRNA) from a biological sample is ndanivial

and often requires several laborious and teoBsuming extraction
procedures. Furthermore, many important clinical and environmentgi
Hence, ther;
has been a significant amount of research devoted to methods that
utilize readily accessible neMA targets, such as metal ions, small

sensing appliddons do not have a relevant NA target.

molecules, and proteins, while retaining the advantages offigr&tA
amplification to lower the detection limit for such species.

However, sample

preparation remains a major ugsfor such biosensors, as extraction of

In thi
review, we describe methods to utilize functional nucleic acids (FNAs
in combination with isothermal NA amplification via rolling circle
amplification (RCA) as a platform for uétsensitive detection of nen

The first selection of a DNAzyme was conducted in 1994, when
Joyce's group reported on the first RNA cleaving DNAzyme, which
catalyzdthe transesterification reaction of the phosphodiester bbnd
RI\IA.[331 Since this time, many other DNAzymes have been
scoverefi:34 with various cadlytic abilities including nucleic acid
ﬁ%ation,[%-%] hydrolysis®”%  phosphorylatio®  capping#!
3e8|ycosylatioﬁ2] and peroxidatiof® DNAzymes can either be
natively active in the buffer conditions, or an aptamer domain can be
incorporated into the DNAzyme as the MRE allosterically activating

e catalytic domain upon target binding (often referred to as

ptazymes) Many aptazymes such as the ATP aptazyme, are
rationally designed to link a target binding event with catalytic activity
through a communication modut¢* More recently, aptazymes have
been directlyselectedagainst bacterial or mammalian cellular media to
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produce MREs that areelective against desired bacteria or canceexamples of circular oligonucleotides with open, unpaired structures
cells*>48l Together, the breadth of DNA aptamersl @NAzymes has that showed potential as substrates for polymerases were not reported
made FNAs a particularly useful set of MREs for the development otil 19901182 and it was not until 1995 that the Fire group reported
POC diagnostic test&49 on the replication of DNAusng short synthetic nucleotide CTs[®%
Shortly thereafter Kool et al. suggested its possible applicationNA
While FNAs represena novel category of MRE, in many casesympjification®¥  Since this time, extensive advancements have been
their affinity constants are not sufficient to allow detection of tracg,,5de in the use of RCA for detection of nucleic acid targets, including
levels of targets. ndeed, achieving ultrasensitive detection of a”""'yteﬁ'nprovements in regulaton methods, polymerase selection,
in a manner that meets the World Health Organization (WHQ)mpjification methods, and detection strategies. For moresixee
ASSURED criteria Affordable; Sensitive and Specific enough t0ihtormation on the history of RCA, readers are referred to early
provide useful information; Usériendly; Rapid and robust; [oviews on the field38084
Equipmentifree, ang Deliverable to the endserf”5% remains a
major challenge in the field of POC diagnostfé®*>4 To address In contrast to other ITA methods, RCrequires only a single
this issuepinding of a target to a FNA can be coupled to one of severahzyme, a single primer and can be done at room temperateking
DNA amplification methods to increase sensitivity and drive dowit well suited forutilization in simple, equipmefitee POC devices.
detection limits. Thogh there are neanzymatic DNA amplification RCA is unigueamong ITA methodén that it utilizes a circular DNA
methods, improvements to sensitivity can be limit@d.As a result, template (CT) rather than a linear one. In the presence of
sensors that utilize FNAs for targetcognition commonly incorporate deoxyribonucleotide triphosphates (dNTPs), ahg {CT, a DNA
an enzymatic NA amplification method to retain sensitivity that ipolymerase (typicallphi29 DNA polymerase (phi29 DPyamplifies a
otherwise lost to miniaturization astinplification. complementary lineaDNA or RNA primer. As the template is
circular, the resultant RCA product (RP) generated is a series of tens to
The most common enzymatibNA amplification method ighe  {hqusands of concatemeric singleanded DNA copies that are
polymerase chain reaction (PRI however the need for complementary to th€T. As described below in Sections 3 and 4, it
thermocycling makes this method incompatible with simple pofint s 5150 possible to encode a variety of sequences into the RP to allow
care assay8! Over the past 30 years a number of isothermal psequent reactions that can improve either amplification efficiency
amplification (ITA) methods have been develogedovercome this . getection sensitivity,allowing this method to achieve single

limitation. These include strand displacement amplifigamio molecule detection limit&5/8e!
(SDA) #6585 recombinasgolymerase amplification (RPAY) 62
loop-mediated amplification (LAMPJ%8 helicase dependent RCA has been extensively used as an amplification tool for the

amplification (HDA)®"7 and hybridization chain reaction detection of NA target€¥ ™! and has the specificity to detect single
(HCR).5571721 While these are powerful amplification methods, anchucleotide polymorphisms (SNP)899U However, the use dRCA
often provide exponential amplification, many of thexgpiire multiple  for the amplified detection of nofNA species requires careful
enzymesor primers complicated sequence design, amgerate at consideration of three main componeritsmolecular recognitiomn a
elevated temperaturég/pically 307 65 °C) making themdifficult to  manner thatriggers RCA; 2) the nature of theamplificationreaction
apply in simple POC assays or devices which aim to operate in aand; 3) the method totransdue the RCA output into a measurable
equipmerdfree manner signal While there are examples of RCA reactions that utilize
o o ' antibodies as MRE&?*" in this review we will focus on FNAs as
Rolling circle anplification (RCA) is amtherITA method that has \REs to trigger RCA, and will describe how t8& sequence can be
received significant attention for biosensing applications as describgdeq 1o modulate the triggering, amplification efficiency, and output of
in recent review§¥ ”°l Replcation of DNA around a circular template {he RCAreaction Figure2.1). We also describe simple POC devices
is a naturally occurring process which normally involves circulafy 4t integrate FNbased MREs with RCA&nabled amplification and
plasmids that are typically thousands of nucleotides in Ieffth. jetection systems, with ados on devices that meet the ASSURED
However, theCTs used in RCA are often synthesized to be less thalieria, Pparticular emphasis is placed on electrochemical and-paper

one hundrednucleotides long rather than several thousaol aseq piosensing approaches as these devices meet the ASSURED
nucleotides found in DNA plasmics. In fad, the first literature criterial*85398%land allow for sensitive and robust analyte detection.
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AMPLIFICATION

REGULATION DETECTION

®

aptamers OR
DNAzymes

linear OR

exponential Lo

optical OR
electrochemical

POC Device
i.e. paper, electrode

Figure 2.1. Overview of the three overarching ways that rolling circle amplification (RCA) can be manipulated. (A) Regulation, which governs how a
non-nucleic acid target can be integrated as a regulator for RCA; (B) Amplification, and the different strategies that determine efficiency of amplicon generation;
(C) Detection, which covers the various strategies for optically quantifying the amount of RCA product generated; (D) On paper, which focuses on how all three
aspects can be incorporated on a paper-based surface for POC biosensing...

Structureswitching aptamers are designed to switch between a
. duplex form, which has &hort NA strandhybridized acrosshe
2. Regma‘tlon of RCA by FNAs aptamer domain and a primer extension, and a complexefbrm
) o ) ) between theargetand aptamer which displace the hybridized NA
Controlling the initiation of the RCA reaction can be achieved bgtrand[.loz"ms] While often used to directly generate fluorescence

regulating the availability of at least one of tlieur essential signals based on displacemertadjacent quencheand fluorophore

components of RCA: the primer, CT, a DNA polymerase (phi29 D%be"ed strand8%2 193] this method can also bgsed as a means to

unless otherwise indicated), or dNTPs. To date, no methods have bﬁﬁf?ate RCA by using the displaced NA strand as the R@ifer. For
reported that involve the quulanon of DP or dNTP availability toexample, Huet al. utilized the thrombirbinding structure switching
regulate RCA. Though the primer and C® &lA strands, FNAs actas ;0 mertq regulate RCA in this mannBf®! In this case, the aptamer

a p_OW‘?ff“' bridge to alloyv noNA targets to_ regulate NA st.riand released an RCA primer upon target binding, which was first magptu
availability. Here we will focus on techniques that specn‘lcallyat its 5 endby an immobilized DNAprobe Figure2.2A). Followinga
regulate the availability of either the primer strand or the CT with @/ashing step, addition of CT and phi29 DP to the captured primer
focus on methods that bestisty the ASSURED criteria. allowed for argetmediated RP generatidrom the 3terminus

2.1. Primer Regulation More recently, Liuet al. designed a tripartite structussvitching

The complementary binding of a NA primer to the CT to form System for the detection of PDGF, which elegantly combined the
primerCT complex is a fundamental requirement REA. The essential RCA components together in a manner that eliminated the
primer can beas short as six nucleotides in lengfd though longer need for Washing sps Figure2.2B)."" The sy:.stem. was comprisedA
primers will improve selectivity and the efficiency of initiating the© f ) .a primer stnrda nhdy ?W” tdh ztehleend®d a C
RCA proces$l® Once boundthe phi29 DP will elongate the primer hybridized to an antPDGF aptamer. Without target present, the
alongtheCT from the 36 end, event udrfamg blgcked phiz9 DP ,from fnifgling RCA g fhe primery o 4
revolution around the CT. This allows multiple copies of the antisen&dPWever, addition of PDGF triggered a structsvatch and released .
RP to be generated as identical repeating units. Binding of atargetfp @ € @Pt amer. This allowed thhe 30
FNA can be used to alter that availability oftiprimer, and thus CT to generate a fully complementary primer sequence that could be
regulate the initiation of RCA, by three different methods. TheséSed t0 initiate RCA.
include using: i) a targddinding event to trigger the release of a primer A notable drawback of structusaitching aptamersis that

strand from a FNA, ii) binding of a target to an aptamer that acts a%?bridizing DNA strands to the aptamer sequence can affect its
primer to control prirar-CT hybridization, or, iii) a targedctivated apparent binding affinit}®d For exampleNutiu et al. reported that
RNA cleaving DNAzyme (RCD) to liberate an otherwise blocke oth the antthrombin and amATP structureswitching aptamers
prlmgr. These methods are described in detail in the fOHOW'nQ"lowed a marked increase in the apparent dissociation constant (60
sections. fold higher for the ATP aptamer). In addition, optimization of such
systems requires extensive manipulation of the sequence of the

2.1.1 Primer Regulation usirg@fructureSwitching Aptamers ) - 3
displaced NA to ensure that it is easily released fraafitamer upon
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target binding, but also has sufficient affinity for the CT to allow facileﬂ ™\
initiation of RCA. @ —~
P structure =’ /\/\fo
L o . — switch
To overcome this issue, it is possible to perform the structurg \ e
switchingusinggraphene oxide (GOpther than DNADNA duplexes @
(Figure 2.2C). GO exhibits properties that can be tuned to retain\_ J
singlestranded or doubistranded DNA on its surfad€® Structure N
switching from GO using an aptamer was first demonstrated bgt Lu E/‘*—f’\/ @ /-f\ e
al. in 2009 for the detection of thromb#3? In this case e adsorbed _— — /\/\jo
aptameris displaced from the GO surface upon binding the target {o @
form a DNA-target complex.Liu et al. built upon this initial report by \_ -
demonstrating Gdinked RCA for the detection of thrombift0l ~N
Reduced graphene oxide (rGO) was reported to perform better thang Fr)égig
GO counterpartat releasing the thrombimound aptamer from the | aptamer-primer @ @E\ .
surface while preventing nespecific desorption of the aptamer. To % ., @}1/03
initiate RCA, the aptamer had h 3D priEerS‘ng‘;‘t‘g'ﬁ?erQio‘in h*at |coul d b
a CT even when the aptamer was bound to its target, allowing the e
released aptamer to act as the linear primer. This approach has bsen J
used to develop RGHnked assays for a variety of other targets g N
including PDGF ancC. difficile glutamate dehydrogenase (GDHY ) ~
14 A drawback of this method is the pot&l for readsorption of the o~ T /\/\fo aptamer . et  circular
liberated aptamer onto the rGO surface. This necessitates remova of template
rGO by centrifugatiof®*or the use of paperbased assay to allow IS o —
migration of the aptamedrarget complex away from the immobilized
rGO and into a zone containing the /&% (as described in section 5) OX Dh|i29 DNA gragﬁgﬁzeé’xide
for regulation of primer availability. @ o @ polymerase (rGO)
. /
It is also possible to use an unmodified aptamer complexed to a CT
to provide a structure switching stgm that controls RCA. In this
method, reported in 2010 by Cheeigal. for the colorimetric detection Figure 2.2. RCA-linked FNABs utilizing structure-switching. (A)
of VEGF,[115] the VEGF aptamer was covalently immobilized on aTrallditilonal stﬁucture—switching; (B) Tripartilte structurv.e—s.witching; ©) Strugture—
. o o . switching using reduced graphene oxide material; (D) Target-mediated
glass slide and hybridized to a CT. Addition of the target displaced th@ibition of structure-switching.
CT, which was subsequently washed away. As such, the addition of
target |l ead to the preverdtfidoors enfsoRCA, producing a fisignal
A simplified onepot version of the RCA inhibition assay was 2.1.2 Integrati oexonadeaseactviyv e phi 2S¢
reported by Bialyet al. recently, which removed the need for aptamer  \while phi29 DP is primarily used as a polymerase, the enzyme
immobilization and washing steps. The assay is based on pee| so has native 38 exonuclease ac

incubation of the target with the aptamer, which forms a complex thafechanism. Litet al. made use of this feate to regulate primer
blocks the 36 end of the apt agmgibiity With ®\ofePdt hsBag babell onftieaftte &ructuéi ng t
subsequently added CT containing the -aefise sequence to the switching systenoutlined above(Figure2.3A).118 In this case, RCA

aptamer andhusinhibiting RCA (Figure 2.2D).°  An important  wasregulated by binding thaptamer partially to the CT and partially

advantage of this method is that the affinity of the aptamer is npts 3 pri mer, such that the aptamer
affected as ishe case for displacement of a hybridized CT. Howevetyh e 36 end of the aptamer was capp
the use of an inhibition mechanism results in the sigeateising as t o p r e-axenuctease3attivity on the aptamielf. In the

target concentration increases, which leads to a poorer detection liith s e nce of target, RCA was prevent

In addition, it is important to carefully design the aptamer sequence ¢@ the primer. Upon target binding, the aptamer was displaced and the

avoid background binding of the aptarterget complex to the CT. phi 29 DP could then trim the 356
complementary to the aptamer mattthan the CT) vi8 -@xonuclease
digestion to generate a fully complementary primer which could
initiate RCA.

0\

A further e X a mpekoauclease istrategyenith at h e
supramolecular aptamer (or split aptamer) for the detectioATéf
(Figure 2.3B).*171 Herg the first subunit (81) of the ATP aptamer
containsa n e x t eenddregibn cbndplementary to &T. The
second subunit (&) of the ATP aptamer contaithe second half of
the ATP apt semeashororegiont chneplensedtary to the
CT in the center of thetrand  a n -@&nd éhai8ndt complementary
to the CT. In this format SA1l stays hybridized with the circular
template, and &2 is unable to interact with the dupleXAn inverted
dT nucl e o t-andpeevents phi2ohD fréd@nadigesting Saxid
thus no RPcan begenerated. However, the addition of ATP causes
SA1 and 22 to orient in close proximity and fortthe ATP aptamer
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which brings 2 close enoughto the CT to stabilizethe otherwise displace lhe targetwhen at high concentrationgadingto blocking of
weak interaction.Addition of phi29 DPallows digestion of h eend 6 phi29 processing by the targethibiting RCA.

of SA2 andinitiates theRCA reactionat the middle point of the/A&2 ) ) . .
strand. Another method to modulate the interaction of a primer with a CT

it by using a phi29 nuclease activity to act dmaérpin containing both
Our group recently reported a simplifiagproach for utilizing the the aptamer and prim&t? In this case, the hairpin contains three
3 @xonuclease activity of phi29 DP without requiring inverted dTsor e gi on s : an apt a-sne,;ra primegregion indtha t he
complex structureswitching systems Figure 2.3C)[*8 In this middle,and @& | oc ki ng r eegd thaifornasta weak reirpid 6
approach, prencubation of the target with an aptamer fgrrma  with the aptameregion Figure 2.3D). Without target, the blocking
complex that protestt h e a pt a meganucléaseoantivitgTe region could be extendedoalg the hairpin using Klenow Fragment to
aptamer contakia t oeh ol d e xenckalicsvingliberation  stréngthed the hairpin and shield the primer from being used for RCA.
of the aptameby aCT through toeholdnediated strand displacement In the presence of target the hairpin is disrupted and Klenow Fragment
(TMSD), which then initiates RCA In the absence ofarget, the cannot extend the hairpin, thereby allowing the primer region to
aptameris digested and thus RCdoes not occur. The method works hybridize to the CT. Addition of phi29 DP digests the excess blocking
well for low target concentrations. Howev@iMISD is not able to region nucleotides to produce a complementary primer that can initiate
RCA.

inverted dT N\ g

AT A o & O ey

3' exonuclease

ls - ox I S digestion

3 b
7/
e _
; ( ) 3 exoﬁtjclease hol s
\ Q digestion \_ tr('Jc:,-egi(())nd TMSD /
D] A
SATA, //\ /'A hairpin £
5/\3 ) L) X ' extension \_ ox
! } e’ —_— , — —_— AD.
o & TS0 & Te
3' exonuclease I E
S digestion .
primer

@ o @

\ S’ 3, :". ’ e ) \ )

\

J

'
aptamer ; hi29 DNA Klenow
target tgg—?&'&; ;F))olymerase Fragment

Figure 2.3. Enzyme-assisted regulation of primer availability. (A)-( C) RCA FNABs i nc o-+exprucleade iactigty ofi pht29 DR (AR 6
Tripartite structure-switching; (B) Supramolecular (split aptamer) variant; (C) Toehold-mediated strand displacement; (D) Hairpin formation via Klenow Fragment.

2.1.3DNAzyme Mediated Primer Regulation such tlat the RCA primer region was upstream of the ribonucleic acid
] linker, so that phi29 DP was unable to access the primer and initiate
RNA-cleaving DNAzymes (RCD) are another MRE that can beca  Addition of ATP activated DNAzymecatalysis to cleavethe
used to modulate RCA via primer regulation, which is achievegyqncieic acid linker withirthe substratéFigure 2.4A), producinga
through the targetependent adivation of the DNAzyme to allow ppna fragment wi t h a free 34 terminus.
catalysis of the cleavage reaction involving a DNA SUbs"atEonnucleotide kinase (PNK) to remove the-2y&lic phosphate (a by
containing an embedded ribonucleotide cleavage site. This reaCtmduct of te RCD cleavage reaction), this primer was able to

results in the production of specific cleavage fragments that can Hﬁbridizewith aCT to trigger RCA allowing foramplified detection
used as primers to contthe RCA reaction. of ATP.

The first example of this method utilized the coupling of an RCD | contrast with the first example, it is possible to use dqreed
with RCA for the detection of ATP?? The substrate was designed yinartite complex to avoid the need for separate addition ofCthe
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primer was des-i ghasddvelspedcirtto the mast conimore methé@d for CT regulation of the
end hyw i di zed t o a-ter@ifial regiom cortamed aJdaction, providing for ultrasensitif@® and selectivié>#:8991 NA
ribonucleic acid linker bound to an RCD specific #or coli. The detection. The method has also been utilized using aptamers as
presence oE. coli activated the DNAzyme and triggered cleavage ofigation strands to allow detection of ndA targets!?5 41 Below,

the ribonucl ei c ac-exdnucleasen digestidoy tie kdy adeagaesimaptanig®ed, PLRregulated RCA are described.
phi 29 DP r eowerhamgdandtallowed BG@A to proceed to
produce an easily detected reaction product.

(Figure2.4B). In this casé'?!! a

PLP-linked RCA modulated by an aptamer was first demonstrated
by Yanget al.in 2007 for the detection of PDGES Here, the PDGF

In both examples described above, access to the primer strandebbpt a mer was el ongated at both t
phi29 DP specifically required a cleavage reaction to liberate thdesigned sequences that only permitted formation of a ligation
primer, andthus RCA could not be initiated unless both the DNAzymégunction in the presence &fDGF Figure2.5A). Without PDGF, the
and phi29 DP enzymatic functions worked in unison to liberate thterminal ends were hyiolized to the aptamer domain, anbus
primer strand. This is in stark contrast to strucewéching aptamers unavailable to bind to the linearized CT. The addition of PDGF caused
described above, where access to the primer is typicajygatted by a conformational switch in the aptamer that released the terminal ends,
one layer of control (DNADNA hybridization or DNArGO  allowing formation of a junction that could be ligated in the presence
adsorption). As a result, the use of RCDs provides a highly specifi€ T4 DNA ligase. Addition of a sepate primer strand then initiated
approach to primer regulation of RCA activity. RCA.

he

An alternative approach is to use a strucswtching aptamer

AI axposad 7\  where target binding leads to the release of a ligation strand which
5 primer doubles as therimer Figure2.5B). Ma et al. used this approach for
@ )(%@ CT‘:;;;Q the detection of cocair®® The cocaine aptamer was immobilized on
() a magnetic bead and hybridized to a ligation strand. Addition of
Q @ cocaine lead to the liberation of the ligation strand. After magnetic
ribogil:ggaoti e ¥ 37 separation to remove the unreatduplexes, a linear template and T4
_/  DNA ligase was added to form a CT for subsequent amplification. A
EI single ™\ similar approach was used by Toeg al. except that the structure
Cribonucleotide . ~ switching aptamer (in this case for ochratoxin A) was reacted with its
ES /O” target in saltion to liberate a lineaiemplate Figure 2.5C), while the
/§®50 Il'igation strand was immobilized on
I E— — /\/\fo the distal end. In i way, the ligation strand could act as a primer to
@ allow the RCA reaction to be run directly on the bead and allow RP to
N /' pe easily extracted from solution.
v oo y The ligati d (and pri Iso be i d within th
i RNA-Cleavin ' ‘ e ligation strand (and primer) can also be integrated within the
“Snd. DNAzyme (RCD)  target emplate Slymerase aptamerf.“%'“z] Jianget f’;\l.t Et h 23 red a | GI] g-andiofon st
an apamer in a sandwich assay for the detectio&.afoli.3% In this
) o . approach E. coli cells were captured on a PDMS sué with a
Figure 2.4. RCA FNABs uilizing RNA-cleaving DNAzymes dendrimer and the modified aptamer was introduced to form a
(RCDs). (A) Traditional RCD-mediated cleavage; (B) Tripartite RCD utilizing
3 -@xonuclease activity of phi29 DP. sandwich complexHigure 2.5D). Addition of a linear CT precursor
. . and T4 DNA ligase allowed for CT formation and subsequent RCA
2.2. Circle Regulation : A
el ongat i onend of thenaptarhee TBebaptamer strand can
FNAs can also be used to regulate the availability of the c¥! S0 be designed to act as the

instead of the primer.
template to generate long,

trace amounts of monomeric RP can be generated when using p
DP with a linear templaté?>'%3l The three primary strategies for

RCAequires the presence of a circularize

gmodifications Figure2.5E).1*? To demonstrate this approach, gastric
concatemeric reaction products, as off§'ce’ €xosomes werincubzed with the aptamer and a filter
Hpgmbrane was used to discard unbound aptamer. Next, the aptamer
The

exosome complex was heat denatured to release the aptamer.

regulating CT availability involve: 1) using a FNA to control theliberated aptamer subsequently served as the ligation strand for CT

formation of a circularized template from a linear DNA precursoformation and as the prien for RP generation.

strand; 2) integrating the aptamer directly into the CT to modulate the A potential drawback of current aptanreodulated PLP methods

ability of phi29 [P to geriQgte RP, or; 3) €Tiggfing access to the Cl-tl;clude the requirement of an additional enzyme, and the need for

through the use of an RCD. additional separation or washing steps to remove unreacted ligation

templates. In addition, many exampleerform the ligation and

amplification reactions separately rather than in-poe limiting their
In 1994, Nilssoret al. reported on the concept of using a ligase taise in simple POC devices.

circularize a linear NA strand in the presence of a target NA that

hybridizes to the linear strand to guide ligation, denoted as the padlock

probe (PLP) methot?¥ This ligation reaction can only occur in the

presence of a dation strand which has segments that are

compl ement a-e yd t aend di &é Ihdarized padlock

probe, ensuring high selectivity. Lizarei al. built on this work in

1998 by utilizing the ligated padlock probe as a CT for RCA, creating

the first CT-regulated RCAsystem?®® Since then, PL#inked RCA

2.2.1 Circleligation method
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N The circular nature of captamers allows also for their incorporation
into intramolecular structurswitching strategies for RP regulation.
Zhaoet al. converted a linear aptamer for lipopolysaccharides (LPS)
into a captameiby embedding the aptamer, along with a primer
binding region, within &T (Figure2.6A).2*4 In the absence of target,
the captamer foned a dumbbell shapehrough intramolecular
hybridization, limiting access to the primeinding region Upon
addition of LPS, the captamer adoptedextendecconformation hat
exposed the primarinding region allowing for subsequent binding to

a primer and RP generation

I

conformation
5' phosphate switch

\. J
[B] A
' 7
T\

L.

structure
switch

®

The Liu group demonstrated the ability to use captamers to
develop a structurswitching system, where PDGF binding could
cause displacement of the cilamized PDGF aptamer fromGO
(Figure 2.6B).*14 Oncedisplaced, theomplexbetween the captamer
andPDGFwas removed from the rGO through centrifugation, and then
the supernatant containing the liberated captamves mixed with
primer, allowing for RP generation Though this method requirexd
centrifugation step to isolate the liberated CT, it should also be
amenable to papdrased spatial separation from rGO, as has been
demonstrated with linear aptamers (see Section 5 for more détdils).

AN
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ligation
structure
switch m o > /\/\fo
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@
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AN

ligation

@ _
e ee e

et | L

immobilizing
MRE ) While drcularizing linear aptamers intoCTs is relatively

N straightforward the CT sequencesnust be carefully designedo

preventaltering the native activity of the aptamand its ability to

switch between duplex and complex conformatiorRecently, our

group successfully conducted a SELEX experiment using a circular

library andisolateda novel gitamate dehydrogenase (GDH) captamer

which wasonly active in the circular forfd!3 Importantly, this

captameshowed lower affinity for recombina@DH (rGDH) relative

to native GDH (nGDH) a key targefor C. difficile detection Figure

2.6C). Thisallowed the development of @mpetitive assawherein

the GDH captamerwas first incubatedvith rGDH-coated magnetic

beads to form @aptamerGDH complex. Addition of nGDH caused

.
E|
L
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=g O A~

e _/
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phi2g DNA T4 DNA primary MRE
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Figure 2.5. RCA-linked FNABs utilizing padlock probes for
regulation of circular template. (A) Conformational structure-switching; (B)
Structure-switching to release a ligation strand; (C) Structure-switching to

release of the captamer from the bead, and after removal of MBs, the
liberated captamers were able to bind to an added prinsiote for
NGDH-mediatedRCA.

release a linearized circular template; (D) Sandwich assay with ligation strand
tethered to aptamer; (E) Dual-function DNA acting as aptamer and ligation

strand As was the case for Pbfediated RCA, most of thexamples

above required a separation step, making them challenging to
implement in POC tests. To overcome this issue, a method was

] ] ] developed using a Gihtegrated aptamer to modulate the RCA
An emerging method to modulate the CT is to incorporate t@,ction upon target bindingy blocking theability of phi29 DP to

sequence of the FNA, and specifically an aptamer, directly it€th o4 throughthe CT Figure 2.6D). A PDGF aptamerwas

sequence to regulate the RCA reaction. As noted below, mQgtororatedwithin a CT and it was observed that phi29 DP was
circularized aptamers were initially generated as linear species, siNGe hie to displace the bountbtein and thus read through the aptamer

most SELEX methods used to find novel aptametiize linearNA  seqence, thereby inhibiting the RCA reaction when the protein was
libraries**3 Importantly, the linear aptamer sequence can simply BSound4s!  In  this instance. and also with a thromismgeting

inserted into e CT, while retaining any primer binding or detemionsystenﬁl“5~1461 no modifications of the PDGF or thrombin aptamers
sequences encoded within the ciyghbdired, thisakdng fe rfelrgetferaiGablt @ Sdbiton, AP t h 3

ends, circularized aptamers (denoted as captamers) are reSiSta@eﬁ?aration steps were required, making the assay much sin@fer.

2.2.2 Circular Aptamers

exonuclease degradation, making them particularly suitable fy o Giner handt he assay opefdbesigmnahl iing

applications involving biological sampl&&3142] which generally tends to have poor
The first example of using captamers to regulate RCA wa no systems

demonstrated by Di Giustet al. for the detection of thrombin in a

proximity extension assd}#?! In this approach, two aptamers were

used, one of which had a 36 extension to act as a primer for RCA

another that was embedded into a CT with a region that was
complementary to the primer. As both aptamers could tordifferent
regions of thrombin, target binding brought the aptamer and captamer
together, initiating RCA. To prevent napecific amplification in the
absence of thrombin, the complementary region was 6 base pairs,
which is sufficiently short to prew nonspecific hybridization.
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M primer I protein enzymgas thelinearized form of theCT was functionalized
region @ o withplho8phor ot -odine esidee. and 56
) = NTZ ®
() Another approach to regulate CT formation utilized a DNAzyme
S with kinase activity, denoted as Dk2, to facilitate the ligation of a
\ / circular template in the presence GTP igure 2.7B).14% In this

strategy, the DNAzyme was used as the linearized form of the CT. In

B]

captamer @ @ I~ /\/\@ the presence of GTP, tH@&NAzyme catalyzed a seffhosphorylation
= structure T structure reaction wherein GTR r ansf erred a phosphate
rGo C: switch o switc DNAzyme. Grcular ligation was carriedut using T4 DNA ligase and
e a splint oligonucleotideomplementary to thet&and 3 ends of Dk2

-
Q nGDH

captamer ,-) @ @ Ny

_/ The splint oligonucleotide also acted as a primer to allow RCA to
I proceed mund the newly formed CT, allowing for sensitive detection
&'
w

of GTP as a target.

T structure a: structure An issue with the use of DNAzymes to perform CT ligation is the
magnetic switch switch poor diversity of targets that can activate such DNAzymes (generally
oeee o .Q @ NTPs such as ATP or GTP), and thus adaagets for sensing, thereby
o 4 limiting the potential of this method for biosensing. An alternative
m \ strategy is to use a DNAzyme to modulate the accessibility of a CT,

O @ target usually by liberating it from a constrained configuration. As an

/ o~ primer example, a Pb-specifc RCD was used to liberate a NA that served as
embedded ] a ligation strand for PLRgation (Figure2.7C).[**% Theribonucleotide
aptamer J@ o S&'ﬁ,gﬁé containing substrate strand was fingbridized to the DNAzymeThe
—~ reduced presence of PH activatel the DNAzyme, and cleade the
@ T“ @ == grap??é'lg )oxide ribonucleotide junction in the substrastrand with the cleaved

J

fragment dissociating from the DNAzyme and acting as a ligation
template to allow T4 ligase catalyzdijation to form acircular
template suitable for RP generation. Importantly, the diversity of

~ Figure 2.6. RCA-inked FNABs utilizing structure-switching for — RCDs makes this a more versatile method for sensing, as there are
regulation of C|‘rcular ‘template. (A) Intramolecglar structyre—swnchmg, (B) numerous targets that can activate REDY!
Structure-switching using reduced graphene oxide material; (C) Structure-
switching using recombinant analyte (GDH); (D) Target-mediated inhibition of
structure-switching.

In addition to ligation methods, it is also possible to use RCDs to
_ modulate the accessibility of a preformed CT. é&iwal. showed that it
2.2.3DNAzyme Regulation of C$ was possible to produce a circularized ribonucletidetaining

. . ... substrate that was strongly interlocked with thel@Tusing the CT as
The use of DNAzymes to modulate the formation or acceSSIblllt% y o g'y ) 1y 9 . .

. . e ligation strand to circularize the substrate. By including a
of a CT is less prevalent than CT modulation by aptamers, howevgr

fficiently | ion th Id hybridi he CT, phi29 DP
there have been some interesting approachested below. The first dfficiently long sectlo.nt at could hybridize .to.t ec p 129 was
. . - revented from reading through the hybridized section, and thus
example used a DNAzyme with ligase activity to regulate th

formation of a CT from a linear DNAequence Figure 2.7A) 147 Reither circle could be used totiate RCA (Figure 2.7D).*%% In the

o L . . presence of the RCD, the addition of the target (in this Easeli)
Similar to a PLP ligation approach, tEdington group used a ligase . . . L .
N ctivated the RCD, which could cleave the ribonucleotide junction,
DNAzyme that formed a hairpin loop when bound to ATP. The ends . . . .
S S o inearizing the substrate strand. The phi29 DP was then able to trim
of the hairpin mimicked a ligation strand, bringing the two ends of th o
. . . }efreeSo end of the substrate strand
linearized CT together such that DNAzyme catalyzed ligation could. .
for RP generation.

. . . . " rimer
occur. This DNAzyme ligase approach did not require an addmonaﬁ
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Figure 2.7. RCA FNABs utilizing DNAzymes for regulation of circular template. (A) Ligase DNAzyme-mediated; (B) Kinase DNAzyme-mediated; (C)
RCD-mediated with CT ligation step; (D) RCD-me di at ed wuti | i zi ng c-exbnedlease activiypfphizZ2®R.h and 36

3. Amplification Methods feedback processes to produce exponential RCA, which can improve
the rate of RCA beveralorders & magnitude relative to linear RCA,
The heart of the RCA process is the ability gioduce long depending on the specific method used. Below, we provide an
concatenated DNA products by roubgiround amplification around a overview of both linear and exponential RCA methods, with a focus on
CT. Since its introduction in 1995, several groups have investigatéteir performance, ease of use, and utility for poirtare sensing.
the effects of different polymerases and CTs on RCA efficiency. As
noted below, optimization of the polymese and the CTegjuence can
improve the rate of RP productioby up toan order of magnitude
However, more recent improvements have incorporated various

3.1. Linear ampfication

The earliest examples of RCA as an amplification method involved
polymerase simply extending the primer around the CT
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Figure 2.8. Schematic illustrations for linear amplification and two methods of exponential amplification. (A) Linear RCA (B) Nicking Endonuclease
RCA (C) Circle-to-circle (C2C) RCA (D) Hyperbranched RCA (E) Dendritic RCA (F) DNAzyme Feedback Amplification.

to produce long concatenated reaction products that increasetircular DNA templates generated through vitro selectionf!!
linearly in concentration wittime (Figure2.8A). Early work aimed at Amplification efficiency was maximized for certai@T nucleobase
evaluating the effect of polymerases on RGHiciency have compositionswith a stong bias towards adenosine and cytosioke
demonstrated that several replicating polymerases can be used to déWesequencesvhichcomprisedd5.4% of the nucleotides in the top 10
RCA, including Bst DNA polymerase andlenow Fragment-exo), most efficient sequences. The optimized CT yieldetection limits
though phi29 DP has emerged as the preferred polymerase owinghat were an order of magnitude better than obtained with unoptimized
several key featurd®2'%%1 For example whilemost polymerases CTs, producing the lowest reported LOD for aptameric thrombin
require accessory proteins to assist with clamping the enzyme detection at 1 pM CT length may also be modified to impact
DNA, 154155 phi29 DP requires no assistanéé1 Phi29 DP also amplification efficiency when care is taken to modulate the
possesses the highest reported processivity of a polymerase,tat grezonformational straitin the CT® Joffroy et al. observed that RCA
than 70 kilobasesin 40 minuted!?2% and excellent proefeading amplification efficiency was maximized when a CT contained an odd
ability, 158159 with an error rate of only 1 in 0o 10° baesl®® In  number of helical half turns instead of an even number (~18s8 b
addition, as noted above, phi29 QPi s p | &oy5s6 xoBe@lease pairs per turn) and the conformational strain was maximized.
activity for singlestranded DNA®.1%2 providing an alternative Simulations showed that sequences with maximized CT strain
avenue fordesigning input strategies. Phi29 @Rodoes not require outperformed minimized sequences, amplifying to 6-fold better.
the help of any helicase proteins as it exhibits excellent stramdnplification efficiency was alsimprovedas the overall size of the
displacement properti¢€®! Finally, and perhaps most importantly for CT wasdecreasedstresig the importance of minimizing overall CT
POC testing, phi29 DP can operate at room temperature, UBdike length
DNA polymerase and Klenow Fragment (KF), both of which require
elevated temperatures to operat®hese factors haveelped make In addition to optimizing the polymerase and ,Cthere are
phi29 DP a powerful polymerase for simple and effective RCA additional modificationshat can be made to improve the ratdirdgar

applications, particularly those that are amenable to POC sensfRg” For exampleincorporating multiple primer regions to facilitate
applicationd?374.152.153] multiply primed RCAcan increase amplification more than thfelel

in some applicatio®$2. Multiply primed RCA uses several primers
Optimization of the iccular template (CT)ength andsequence complementary to different unique regions along the CT, allowing each
canalsobe used to improvéhe efficiency and rate of RCA. Let al.  to initiate RCA concurrently. Incorporation of PEG 4000 at
showed that DNA coding strategies can be employed to design optincahcentrations from 10 20% can also improve RP generation and
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uniformity, particularly when RCA is performed on a solid surf&. G-quadruplex structure thatue be probed fluorescentlsee Section
Liu et al.observed that generating RCA on a nitrocellulose surface aldd. Incorporation of the exponential primer feedbaek improve the
led to improved RCA efficienc{® In each case, the authors attributedLOD of targetsby as much adive orders of magnitudeelative to
the improvement in RCA rates to a molecular crowding effgbich  unamplified detection, and-2 orders of magnitude better than for
increased local concentrations of RCA reagents. linear RCAI83.116.173]

The final method to increase RP concentration, and hence decreaseC2C amplification is another mulénzyme ERCA method first
limits of detection when using linear RCA, is to increase reaction timegportedby Nilssonet al. as an extension of their work on padlock
though this can be a challenge for rapid monitoramplications. probed? C2C amplification corists of two primary steps. First,
Hence, even when optimized, linear RCA methods can provide at méisear RCA proceeds in the presence of a primer to generate a long
1000fold amplification within 1 H! Even so, this amplification RCA concatemer. This RCA concatemerttien monomerized by a
factor may be adequate in cases where only moderate improvementsestriction enzyme, andhen following heat inactivation of the
LOD are needed relative to unamplified assdysi et al6 paper restriction enzymegach monorer is circularizedusing T4 ligaseo act
based ATP and GDH aptasensors achieved sensitive fluorogeag a new CT. In this work, Nilsson and-workers showed a
detection in stool samples without any amplificatiéfl. To allow for  sensitivity improvement ofiine orders of magnitude in under an hour
equivalent detection sensitivity using equipmiee detection, the in comparison to the analogous lin€CA reaction though the multi
assay incorporated RCA to allow for colorimetric detection, which wastep process andieed for heating make the method difficult to
as sensitive as the unalifipd fluorogenic assay when using animplement in simple POC assays

amplification time of 1 hour. ] ‘ ] ] o
It is also possible to integrate RRCA isothermal amplification

3.2. Exponential RCA (lRCA) methods in combination with RCA to achieve exponential

) o amplification This approaclmnas been demonstratedtfivexponential
Although many assays can be achieved using linear RCA memogﬁqplification methods  including  loemediated  isothermal
in cases where ultrasensitive detection or more rapid generation a‘?ﬁplification (LAMP),i74175  catalytic  hairpin ~ amplification

detectable RP concentrat® is required it is necessary to implement(CHA)me,m] and stranddisplacement amplificationSPA).178179 |n
exponential methods of RCA {RCA). Examples include detection of ., casesjnear RCA is used as the primary amplificatianethod,
pathogens of both bacterial and viral origff§ where detection of as and the concatenated RP is used directly as the input to supplreri
low as 1 organism is requiréd? and early detection of disease fo the subsequentxponential TA scheme These assays can increase
biomarkers, which are present at low concentrati§fisMonitoring of assay sensitivity 100fld compared to their original ITA methddd

the response to targeted therafi#, which is a comerstone of pt in most cases these sadary ITA methods require operation at
precision mediciné?**7° can also make use of these ultrasensitivyeyated temperatures, making them challenging to integrate into POC
approaches. In many cases, it is necessary to detect the analytegeifsors. In additionnéorporation of additional enzymes can impact
complexbiological samplesincluding blood, faeces, saliva or sputum,, storage considerations, making NAs a more chemically and
which may requiresample dilutio to reducehe effects of interfeants thermally robus alternative. These methods also increase the
within the matrix further reducing analyte concentratiéft! In such  mpjexity of the assay, as the initial amplification is often performed

cases amplification levels of 1o 10 may be required, which prior o initiating the second amplification step, requiring significant
requires exponeral amplification systems to be achieved in a timely,sar intervention to control reaction timing.

fashion.

3.2.2 Hyperbranced RCA (HRCA)
In the case of RCA, exponential amplification is achieved through

the use of various feedback processes which allow for <cross Hyperbranched RCA (HRCA), sometimes referred to as
amplification. This is typically accomplished by incorporating someamification amplificatior®” can produce exponentiZRCA at room
means to generate additional primers after the initial lineaemperaturevithout requiringadditionalenzymegFigure 2.8D). First
amplification step begins. Specific methods to produeRCA are introduced by Lizardiet al. to detect pgit mutatiors in human
described below, with emphasis on specific design considerations agehomic DNA®®! this hasemerged ashe most popular method of E

their potential for use in simple POC sensors RCA. H-RCA employs two unique primers: one complementary to the
] ] o CT, and theother complementary to a region of gm@plicon After the
3.2.1 Enzyme-AssistedExponentialAmplification first primer is elongated by phi29 DP, the second primer binds to the

Several exponential RCA methods utilize a secondary enzyme liQnP and initiates a secondary amplification complementary tcRiRe

addition to phi29 DP to process the RCA product in a manner that c-gﬂls creates a branched system of replication witesdinear RP is

. N, . usedas the template for exponentahplification Some assays opt to
generate new primers to allow cremsiplification. Examples include ) ) .
. . ) . - useBstDP instead of phi29 DP for4RCA as this DP shows excellent
nicking RCA and cicle-to-circle (C2C) amplification Figure2.8B and A d di | ; d .
Figure 2.8C, respectively), both of which employ additional enzyme§ ' al\ n fivi |8151£]H ;Cc;ehmebn . adn ith pr t;) ¢ ? ssi
to achieve ERCA. Nicking RCA, also known as primegeneration exonuciease ac 'V'& - as been paire yw a number o

h ; FNAg116.128.132.18U85] jnclyding DNAzymed® Typically, H-RCA
RCA, uses nicking endonucleases to monomerize the Ionr% thod . i duct dh detection limit
concatemeric RPthereby generating new monomeric primeos ethods can improve amplicon production, and hence detection fimits,

. . 116] 10 R
initiate amplification on othe€Ts The nicking site is engineered in by as much as f0relative to linear RCAS with detection limits

the CT sahatthe nicking enzyme can cleave along the complementaR/e'tng se\’/vle;aé or:ers of ma?tnltEQe belor\:v t::e aﬁ'”'_ttY co(;lsttarlt.s fol,r tr:e
RCA producti™@  Nicking RCA can also incorporate multiple 2P 2M€’ - However, aflaching such ultrasensitive detection imits

antisense nicking sites into the @lyield differentunique monomers, can require reaction times of up to 3 h or mdi.
as shown by Let al.in their exonucleolytic digestieassisted ERCA H-RCA is also ameable to pairing withnicking enzyme
strategy?”® By incorporating two nicking sites, one complementan, mpjification to yield netike FRCA (N-RCA) for cubic

repeat of theCT can be cleaved into two linear pieces. The firss ast amplification(8 This method can improve sensitivity by more than an
a primer to initiate exponential amplification, and the secondd@m
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order of magnitude compared to-RCA, and has been used to detectshould be noted thdhe ribonucleotidecontaining DNA sequencen
both NA87 and proteift® targets, but has yet to be paired with FNA Complex Il are susceptible tmucleasedegradatiof® potentially
based detection. making the DFA system less galile for some POC applicatigrsuch

) ) ) as those that use complex samples that may contain ribonucleases
For detection methods that benefitrfraa uniform RP sequence,

dendritic RCA can be incorporated as a variation eRGA8 A 3.3 Preamplified RP as MREs
caveat for HRCA is that the second RP is generated by amatifio

of the first RP, making two complementary RP strands. In dendritic 'ntegrating an amplification step into an assay is not always
RCA, an additional hairpin sequence is included which i&equired to reap some of the benefits of RCA. " The produdifon

complementary tdoth the RP and CT. Upon RP generation thisSsubstantially elevated localized concentrations of DNA has allowed for
hairpin sequence unfolds, exposing the stem region wisiah the visualization of single molecules of long R@Arived
subsequentlybe amplified by the same CT or by a secopd@f amplicond?#51%lIn several assays, the RP has been used as a pre
(Figure 2.8E).199 |n contrastto H-RCA, as the RP is exclusively amplified sequence not dependent on the presence of target, but instead

generatedising CTs throughout, the length of the RPs are limited b§enerated to act as a MRl Further, using prampified RP

the kinetics of the polymerase rather than the length of the template Rffninates any time restrictions posed on the assay thus sidestepping
being used® Importantly, his dendritic RCA method retains the the need to optimize the amplification efficienc@ther creative uses
ability to encode the CT to allow generationvafiousRP outputsfor of RCA amplicons as MREs or as a polymeric biomaterials have been
stratede downstream sensingvhich is not possible with traditional-H thoroughly discussed in a recent revileund here?*

RCA.[190.191 Dendritic RCA has been used to detect N®&4%! and

In one example, Guet al. generated a competitive structure
very recently expanded to the nbiA target PDGFBB.[07]

switching assay for the detection of okadaic acid (@hgre the the
3.2.3 DNAzyme Feedback Amplification preamplified RP is introduced to the reactionsing the aptamer
region as an anch8f The competitive binding assay with the OA
DNAzyme Feedback Amplification (DFAs a recently reported aptamer cawesa structureswitch and relea&sthe RP from the surface
method thatutilizes RCA initiated generation of @NAzyme to which could be extracted from the supernatant and detected
achieve ERCA[?1192 (Figure 2.8F). TheCT encodes a DNAzyme in downstream. Achievipa LOD of 1 pg/mL (1.24 pM), the authors
the RP and is bound to a DN#imer (P2), found in Complex Ithat observed that incorporation diiis preamplified RCA improved the
includes a3 6 o v er hang sulswaetfa ia RCDH, gand an LOD 50-fold compared to an unamplified capture strand.
invertegpr&®edT pbi 29 DRxohucleasetoacti ng as a 360
trim the overhang. Amplification is initiated when an appropriate APtameric RP was used by Zhaa al. to create a 3EDNA
primer (P1), found in Complex I, iproducedvia targetmodulated Network of RP capable of binding target surface proteins on
primer generation by the FNA, as described in Section 2. The prim@ptentially: cancerous cells for capture and quantificatih. This
can bind to excess free CI initiate linear amplification which approached enginezd 2 functional sites into the CT used to generate
producesa RCD as a repeating unit in the RFhis RCD thercleaves the DNA network, giving it two roles within the assay. First functional
P2 at the RNAjunction, leaving the DNA overhangwhich is acted site, the target aptamer antisense sequence was incorporated into the
upon by PNK to pr oduc eTheexnudeade! % c ReBEfRed aptameric RR, js thgnscapable of binding tordteirp
activity of phi29 DP thertrims the overhang and proceeds to gateer PTK-7, a cancer marker. The second, an encoded restriction site,
the mature primer P1 that can initiate RCA to produuare RP allowing for release of captured cells upon addition of the restriction
resulting in croseedback amplification enzyme. The authors note that in theory, by incorporating different
restriction sites, cells could theoreticallg analysed sequentially upon
DFA is an interesting case of a mudtizyme ERCA method, each RE addition to the 3D network. These two functional sites enable
where the second enzyme is a DNAzyme rather than a protein enzytneth target recognition as well as detection.
This methodspedfically highlights the power of RCA assay®
produce the secondary enzyme directpich can be used to achieve
exponential amplification through crossfeedback mechanism

Li et al. investigated the degree of amplification required to
maximize the surface capture potential of apacontaining RPs for
E. coli detection?®? Here, the authors compared functionalizing a
DFA is versatile in that any RCidr a NA or noaNA targetcould PDMS surface using dendrimers coated with either single unit
potentially be incorporatednto the assay frameworRhus far,DFA  aptamers, or with RPs generated at varying amplification times.
hasbeenused to deteaniR-21, an RNA targethy using themiRNA Interestingly, they observed that maximuetention ofE. coli was
target as a primeand the Mg*-sensitive MgZ as the RCEPY  achieved after 2 hours of RCashigher degrees of amplification led to
Detection ofEscherichia coli(E. col) wasalsoachieved by making decreased capture capacity which the authors attribute tgpemific
two alterations to Complex |. First, P1 was redesigned ton t a i nintramol8cblar interactions within the RPFurther, not only was
overhang with a ribonucleotide, like Complex Il. Second, theapturing efficiencydst but specificity was adversely affected too with
DNAzyme EC1 was added to the system to bind the ovgrregion  amplification times at 12 hours showing poor target capture and little
and cleave th@1ribonucleotide only in the presence®fcoli which  to no specificity.
is a means of FNAriggered primer generatioithe CT still produced
the MgZ DNAzyme, which could cleave the substrate on complex I, N & contrasting approach, Carrasquétzal. used an inkjet printer
producing exponential amplification. Such an approach allowed sindfe dePosit RP directly on cellulose to geatera localized scaffold of
cell detection limits forE. col. By modifying the substrate in Nighly concentrated DNA for enhanced analyte detectién. This
Complex | as was done for E. tdktectionDFA has beeextendedto P T i nted RP Abioinko acdhamed aptamert h e
the detection ofniRNA cancer biomarkers in liquid biopsy samples might, with each repeat unit capable of aptamer binding. When printed

with the output linked to a glucose meter (see Sectibffi4)nd further ©NtO the paper surface,etiauthors found the bioink was was targe
modified for PB* detection in river water samplassing a PB'- to migrate across a cellulose surface but could still retain aptameric

DNAzyme!'® While DFA is a potentially powerful RCA method, & function in the presence of analyte. In contrast, monomeric aptamers
were not able to perform due to their propensity to be displaced from
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. . . . (]
the cellulose surface during sample additibmkjet printing can be a ) g
Bl
convenient form of assay development, as it allows for the { dNTP Byproduct  Fluorescently Infercalating  G-quadruplex
incorporation of internal references and multiplexed detection.

Monitoring Tagged dNTPs Dyes Dyes

o »

Liu and coworkers compared the analytical performance of an

immobilized monomeric aptamer (1D) relative to a concatemer of )
Molecular Fluorescent §9) Peptide
aptamer strands (2D), or a superstructure known as a DNA nanoflowe(;ﬂId Nanoparticle Beacons Probes /8] Nucleic
. Y/
(NF)2%3 comprised of several concatemers of aptamer strand$'{3D). Probes i
T L ~

The surface density of the aptamers within the 3D amplicon was 4.6 to
8.1-fold higher than the 1D and 1.9 to 3dld higher than the 2D '
variants. This enhanced localization of aptameric units improved the

Enzyme-Linked substrate DNAzyme Peroxidase-Mimickin:

signatto-noise ratio of the thrombihinding system of the 3D + op DNA Probes prdud e DNAzymes .
construct by over foufold relative to the 1D construct. Further, the \J\ Cc_mghange
3D variant showed notable resistance to nuclease degradation amdriction perd

Enzymes [

prevented norspecific protein adsorption onto the nitrhalose
surfacei both key considerations for pagesised biosensors (see

Section 6.3). Figure 2.9. Examples of methods of detection and signal readouts
employed for RCA detection.

4.2. Generic Detection Methods with Unstructured RPs

4. RCA Detection Outputs
4.2.1 Monitoring RCA byproducts

4.1. Overview of Detection Methods
The simplest strategy for the detection of RP involves monitoring

Several different approaches can be used to detect RCA reactibe byproducts of amplificatin. In addition to the concatenated DNA
products, some of whichsome of which aréndependent of the strand, the RCA reaction also produces a protort) (lknd
specific RP sequence, and others which require encoding a spegifi¢ophosphate (PPi) for each dNTP added to the RCA prédtct
sequence into the CT to generate an antisense sequence in the RPathimh can be probed to indirectly assess RP generation. Detection of
is used specifically as part of the detection system. In general, tREA-mediatedpH changes can bachieved byusing pH indicator
detection methods are indeplemt of the input methods outlined in dyed?”), and pHpapel®’, for colorimetric detection. To date, no
Section 2, though as noted below, there are very specific requiremeRGA examples utilizing fluorescent pH dicator dyes have been
for the design of CTs to allow compatibility with some exponentiateported. Likewise, though pH meters are common in
RCA methods such as-RCA. electrochemistry, no method has been reported for RGArdguct
monitoring.Accounting for the variability in pH of real samples poses
a challenge to these styles of assay, esiyeaiaPOC scenarios. While
monitoring of pH issimple andcosteffective it should be noted that
indicator dyes are sensitive over a relatively narrow pH range,
; i ) ; 2 requiring careful control of initial solution pH. Solutions with low
detection moietyo the intact or monomezl RP or; % production of buffer capacity are gergly required to achieve adequate changes in

a G-quadruplex oDNAzyme output (PMD or RCD) The first two ny \yhich can require significant sample processing prior to RCA to
methods are compatible with any output sequence, while the latter WBtain good sensitiviti##2191

methods require specific CT sequences to generate outputs that allow

signal generation. fflese outputs can generally be usedto produce The detection of PPi is typically achieved lbyonitoring the
colorimetrig fluorescem, or electrochemical outputsas shownin  chelation of PPi with Mg in the reaction buffer, which depletes the
Figure2.9. We have chosen to focus on thesgpats owing to their amount of free Mg and causes a color charg@ The hydroxy
compatibility with POC devices, and in particular due to thenapthol blue (HNB) metal indicator dye from turns from violet (Mg
availability of simple and portable readers to meet the ASSUREBNB) to sky blue (free HNB) as the concentration of free?Mg
criteria and allow use in lowesource setting€2# 2%l decreases. It was reported however, that the vieletblue color

change may not be easily observed by eye, requiring a plate reader.

We note that in addition to these three signalling methods, theﬁuorometric monitoring of PPi as an RCA -pyoduct has been
are severalother sensitive instrumentbaseddetection methods for reported, where aerpyridinezn(ll) complex (ZnCiL) specifically

direct detection oRPs[*7420") These inclué methodssuch as surface i <t the PP byproduct and triggers fluorescer®22! In this case
plasmon resg){l:).?f;g (SPR) to measure changes in optical mass[thchlzL is fluorogenic, and will only fluoresce when bound to PPi,
growing RP§ T ! surfaceenh.an.ced Raman spectrosc?opy (SEnglvoiding the need for a washing step to remove unbound reagent.

to measure vibrational bands within RE&%213land detection of RP

mass using guartz crystal microbalance (QCM)  4.2.2 Incorporation of Labelled dNPE

measurement?1-21%1% However such methods are not currently _ _ _ _
possible using simple and portable instrumentation, and will not be An alternative method to monitor RCA reaction products is to

covered here as they are not compatible with the ASSURED criteria incorporate labelled dNTPs dirgctinto the reagent pool used to
generate the RCA product. This is most commonly done using

fluorescentlytagged dNTPswhere either the consumption of free
dNTPs or generation of the fluorescent RP cambaitored[196.222224]

While the detection of lab&ll dNTPs is highly specific, the used of
labelled dNTPs can cause a reduction in the rate of RP production as
these species have a lower rate of incorporation. Additionally,

Detection of RP can be divided into four broad gatees:1)
detection of RCA reaction bgroducts (i.e., protons, inorganic
phosphate, labelled dNTP®) intercalation or adsorption of signalling
moieties into or onto the RP; 3jybridization of DNA carrying a
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unincorporated nucleotides must be removed using a washing steslmy at room temperature, and thus may require a heating step to
eliminate backgpund fluorescence. A significant drawback of usingncrease the rataf the color chang@?”!

labelled dNTPs is the assay cost, as large numbers of relatively

expensive labelledNTPsmust be incorporated into the RP to provide ~ 4-3-2 Hybridization of AuNFLabelled DNA

good detection limits. To this issueinck et al. reportedthat a vel

. . Complementary DNA sequences directly labelled with reporter
dye was able to reduce costs by -sndh relative to a Cydabelled

dUTPE? Th th ted that direct additi f the dN th molecules can also be used to biodhe repeating units in the RP. For
) e authors noted that direct addition of the dNiTs the colorimetric detection, the most common reporter is gold nanoparticles

RP also avoided Fhe need for sub@qm@tessmg steps, as the S|gpaI(AuNPsy[ggvusyzsa which have found widespread user colorimetric
is generated during the polymerization reaction rather than during,_a . . -
biosensing owing to their distinctive red coloand large molar

subsequent reagent addition step absorptivities relative to other organic dy&42%%! The high

absorptivity is due to the presencé localized surface plasmon
resonance (LSPR) in the AuNP, which causes absorbance of light that
As RCA generates a substantial amount of DNA, fluorescent DN& in resonance with the surface plasmon. The wavelength absorbed is
intercalating dyes offer a geral method to detect RP without the neechighly dependent on nanoparticle size, shape, and immediate
to encode specific outputs into the CT. The dyes are often fluorogemiovironment?®4 making AuNPs highly tuneable for biosensing
cyanine or rhodamine derivatives and undergo conformational changgsplicationd?®® AuNPs arealso easily modified with thiolated DNA
upon binding to singleor doublestranded DNA sequences, resultingthrough the wetknown sulfurgold interaction?3”-2%8lallowing AUNPs
in large increases in their quantum yield (up to 1€flf), and hence to be modified with specific DNA sequences (AUBRA) that can
their high emission intensif§?> The background emissionofn such  hybridize to repeating segments of RRsis important to note that
dyes is typically very low, avoiding the need for a washing step tAuNPs are relatively large (diameter of 20 nm or more) and carry
remove unbound dye. Intercalating dyes are also able to monitor RRiltiple DNA strands per particle, and hence can bind across multiple
formation in reatime, which make assays based on dynamic signakgions of RPs, or to multiple RPs, which can increaseativinding
changes possible. Taken together, this mahescalating dyes well affinity but may also promote aggregation. Examples of assays using
suited for POC applications using RCA. It is important to note thaauNPs will be covered in Sections 5 (solution assays) and 6 {solid
these dyes can also bind directly to the CT, and hence can potentighase assays).
affect the thermodynamics and kinetics of the polymerase redéflon,
and can produce high background signals that can impact detection of 4-3-3 Hybridization of DNA Labelled with Fluorophores or Redox
low levels of RP. Probes

4.2.3 IntercalatingSpecies

A large number of studies have utilized intercalating dyes for both PNA sequences can ale modified with small molecules, and
solution and soliphase assays (see sections 5 and 6), tyjiftal unlike AuNPs, the hybridization sequences typically contain one
dyes including SYBR Green I, SYBR Green II, Eva Gre8¥BR signalling moiety per strand. #ommondetectionapproach involves
Gold, and Quanffluor.[101.113.116,119,12513214318%9.227229] ' Thege dyes the hybridizationof DNA with covalently boundluorescent probe§--
offer a wide range of propertieiscluding variousexcitation/emission DNA) to the Rp['lse’zsgm] Under optimized conditius, this method
wavelengts, selectivity for certain DNA sequences over othersC@n De appliedsuccessfully for single moleauldetection using
different affinities for DNA relative to RNA, or different affinities for RCAL*®" Although this method normally requires a washing step to
single or doublestranded DNA. Hence, it may be necessary t6€move unbound NA, it is possible to implement methods such as

evaluate several dyes to optimize a given RCA based assay. dipstickbased strategies to directly separaturld and unbound
probes? Unlike intercalating dyes, hybridization of-IBNA is

4.3. Detection using Selective Hybridization or Adsorption ofelective for the output sequence in the RP, thus minimizing
Signalling Moieties interactions with background NAdvost commonly, FDNA is a DNA
strand modified with a fluorescetinker such as a fluorescein or

While the examples above could utilize any RP sequence apfanine derivative. However, less common fluorophores such as
hence didnot require any encoding of outputs into the CT, 5”°'E|uantum dots can also be u&dl.

methods can suffer from background signals if there are endogenous

NAs that can bind to intercalating dyes or affect detection of reaction For electrochemical detection, hybridization lpee are modified
by-products. To increase detection selectivity it is possiblencode with electrochemically active reporter molecules. Various reporter
specific sequences into the CT so that the multiple repeats of tlabels can be attached to single stranded hybridization probes,
antisense sequence appear in the RP. Among the most comnmiuding those that otherwise would have no affinity for DNA. These
methods for detection of RCA products is the hybridization of specifican include methylene bllE! ferrocenel’?® AuNPst?! or quantum

NA sequences to complementary sequences on EhewRich can dotsi**7 In these cases, the mediator binds to RP that is tethered to an
produce a variety of detection outputs. A summary of these methodlsctrode surface. Gold nanoparticles themselves can play a large role

provided below. in signal amplification because they can assist in electron transfer
- _ ) ) along he long surface area of bound 2102471 The presence of the
4.3.1Hybridization of Peptide Nucleic Acids redox mediator along the RP allows for generation of a current based

For colorimetric outputs, a typical approach is to hybridize peptid%ln ot><|d(;at|on cf)r redu:non.t(r)]ffrlnedms that arlcla Eﬁlis%prc?lmlty tg the
nucleic acids (PNA) to the RP, followdsy aggregation of specific electrode surface. As with fluoresceriipelled hybridization probes,

dyes into the PNADNA complex. Di s C 2 -digtiglthiadicarbe it is necessary to employ a washing step to remove unbound probes

cyanine) is a common dye that aggregates to the FDMA that could contribute to background current.
duplex!?2-23t causing a blugo-purple color change. This methodn
reduce background signal generation as PNA is not natib®slogical
samplesand is not vulnerable to nuclea$&d,though the color change An interesting method to overcome the need for a washing step is
can be difficult to determine by ey€his assay can also be relatively the use of mlecular beacongMBs) as hybridizationprobes These

4.3.4 Hybridization oMolecularBeacons
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singlestranded DNA sequences form a hairpin Istqicture with the hybridized to repeating units of the RP with a nicking site placed
termini modified with a fluorophorguencher pajra conformation that between the fluorophie and quencher with subsequent nicking causing
quenches the fluorophaké®  Upon hybridizing tothe RR the MB  release of the 4DNA from the quencher (®NA) and a
adopts an extended conformation that separdesluorophore and corresponding increase in fluorescence intensity. This approach may be
quencher ends, resulting @ 15 to 20fold increase irfluorescence more sensitive than traditional MBs as the nicking enzyme can cleave
emissionintensity. Given the ability to avoid a wasly step and the multiple probesper monomeric unit, whereas MBs only produce one
selective binding to the RP, multiple groups have utilized this approasignal once per RP monomer. The released cleavage prociiaiéA(F

for sensitive detection of RCA products generated from both FNAr Q-DNA) can also be used as a secondary primer to provide an
initiated andhucleic acid initiated RCA10111.13524253] Careful design  exponential RCA output due to their inherent complementarity to the
of the CT is required to maximize signal generation with MBs a<T.?%2 Similarly, the use of AUNP as an alternative quencher has also
intermolecular quenching of neighboring fluorophores present in theeen explore&ss

concatemeric monolith can occur when quencher arms are not

hybridized to the RE5 It has been observed that RPs that fully bind ~ 4-3:7 Nanoparticle Adsorption to RPs

to the Qlabelled arm, but not the-lgbelled arm, led to the best signal AdaPting the CT to prduce long stretches of either adenine. or

contrast. l'n add ', te(lhl\j nR:NA Idnt s r:meAC Ie SI S at|:1y¥nine bSseshn'tH2 hlg ccar% allobv I%o?sigr?’alﬂng k?ageg on %afnopértrélg

E,S ! .n gf h SI\/FI)BebC ;] h'ZS-DP ctd prezesit exbrucleolytic adsorption to the RP, which is typically detected using an
igestion of the y the phi ' electrochemical method that takes advantage of the conductive nature

An advantage of MBs (and also hybridization eDRA species) ©f metallic nanparticles®®®l ~Given that many nanoparticles can
is the ability to use fluorophoresith different excitation/emission 2dsorb to a RP, these moieties can play a large role in signal

wavelengths bound to different DNA sequences to allow-pmie amplification because they can assist in electron transfer along the
multiplexed detection ofRPs generated by two distinctargets Surface of bound RF%102#The two most common systems involve

initiating RCA with distinctCTs, or to incorporate a control CT as an the adsorption of preformed AuNRs polyadenosine DNA sequences

internal reference forarmalizing variability in assay conditioff§* in th? Rie7 gnd production of copper ngnopartic?(&NP) along a
RP via reduction of CGii onto polythyminerich RPs in the presence of

4.3.5Hybridization of DNAmodified Enzymes ascorbat&®? In the latter case the CuNP can either be detected by
monitoring the oxidation current for subsequent production éf Gu

To improve signalling levels, it is possible to bind an enzyme to By monitoring the oxidation of redox probe during the initial
DNA sequence that hybridizes to the RP, which provides a secopgy ction of Ca&* to form the CuNH280
level of amplification and can dramatically improve detection limits.
The attachment of the enzyme is typically done byt fiinding 4.4. Detection using RPs IncorporatingdBadruplexes
biotinylated DNA to the RP, followed by the addition of streptavidin
modified recombinanenzymes. This approach has been widely used 't iS @ls0 possible to encoder&h output sequences into the RP
for colorimetric detection, using enzymes such as glucose oxida&@t can fold into highly structured moieties such &
(GOX) to produce pH changes upon formatidngtuconic acide quadruplexe&® which are present as a specific repeating component
which can be detected using pH indicator dyes. Avoiding pufi?f RPs.Theseguaninerich sequences can fold into several different
capacity issuesvith monitoring pH changes, horseradish peroxidasg)ur-stranded topologies formed via intermolecular or intramolecular
(HRP) can reduce chromogenic substrates such 35,5 association induced by Hoogsteen interactions between guanine
tetramethylbenziding TMB)255258 in the presence of peroxide to based?*? There are sever@-quadruplex specifiluorescentyes?’®
generate  colorimetric or electrochemical outputs for R@8ed - howeverRP detection hathus farbeen demonstrateonly with

assays. Importantly, the RCA reaction must reach completion befofgioflavin T (ThT) 102732781 N-methyl mesoporphyrin IX

. . . . 117,191,277279] H 2801 282] H i
colorimetric detection can occur as the peroxide can denature the Dli.NMN_')_v[_ 1and potoporphyrin X (PPt _ ].usmg either
FNA-initiated or NAinitiated RCA These dyes are similarly sensitive

Redox active enzyas can also be hybridized to RPs to generataith detection limits ranging from picortay to as low as attomolfaf!
RCA-linked electrochemical assays. A commonly used enzyme wghen exponential RCA is used. However, while both ThT and NMM
alkaline phosphatase (ALPFY,®° which is used to convert ascorbic dyes have been used for rdiahe monitoring of amplification signal,
acid 2phosphate into ascorbic acid, subsequently reducing silver ioR®I1X has not yebeen used for redime monitoring of RCA.
which are deposited on the electrode and monitored by linear sweep
voltammetry. Alternatively, streptavidiagged GOx can be added to ~ An advantage of detection based on -Bjmding to G
a biotinylated probe on an immobilized RP for subsequent redduadruplexes is the specificity of the binding interaction, which can
monitoring of pH changes associated with the oxidation dieduce nonspecific backgroundsignals frominterfeiing with NA
glucose?60.281 though these methods suffer similar drawbacks to oth&Pecies. This can be #ssue for general intercalating dyes that bind
pH based detection strategies such as the need for careful controlBptructured singleor doublestranded DNA. A disadvantage of the
buffer capacity and initial pH. lis also possible to hybridize DNA US€ of Gquadruplexes is the lower overall signal enhancement upon
carrying aninvertaseenzyme, which is used sucrose ifitoctose and binding (typically 10 to 20fold enhancements in emission intensity
glucosel93262284 The |atter product can be detected directly using 4PON G-quadruplex binding versus up to a 160@ enhancement for

personal glucose meter (PGM), which can allow for operation iR YBR Gold binding to DNA), which can result in higher background
complex biological media (see Section 6). signal levels For this reason, strategies using fluorescent G

quadruplex binding dyes commonly incorporate nicking enzymes for
43.6 Dequenching of Hybridized Sequences using Nickingxponential RCA to generate sufficientg@adruplex binding regions.
Enzymes Often these enzymes require elevated temperatures for optimal activity

) o thus potentially limiting its utility as a POC approach.
Alternatively, nickig enzymes can be used to generate a

fluorescence signal through silé@ected cleavage of a hybridized G-quadruplex outputs can also be used to selectivelycaitae
DNA strand carrying a fluorophore quencher pair. The DNA can beedox probes. Subsequent reduction or oxidation of these probes
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changes the overall chemical environment which can be read#ybstantial fluorescence enhanceméffts. The cleavage reaction is
monitored via changes in current or impedance. Common redox prolgesformed at room temperature and secondary enzymes do not need to
include methylene blugH?6138.94283288]  mglyhdatel?®%2%? and be added following completion of the RC#eaction, making this
rutheniumbase&®32%4 DNA intercalating complexes. There are twoapproach more amenable to POC applications. However, it is
common formats for the use of intercalating redox probes. In the firstnportant to stabilize the RNA&ontaining substrate to avoid the
the RP is immobilized on an electrode and with the intercalation of tipotential for seltleavage which can increase the fluorescence
mediator with the RP brings the mediator in close proximity of theackgroundsignallt®
electrode, thus increasing the measured &ifff& Alternatively, RCA
reactions can be carried out free in solution to produce RP rich in G
quadruple subunits. Free mediator in solution intercalates with the 5. FNA-Based POC Biosensors
RP, thus reducing its availability at the electrode surface and harUiilizing RCA
decreasing the currefd!
The development of a final FN@nabled RCA assay requires the
integration of input, amplification, andetection methods in a manner
An alternative to hybridizing enzyr@NA conjugates to RP is to that produces optimal performance in terms of selectivity, sensitivity,
produce RP that contain repeating DNAzymes units that cataly#@d limits of detection, while ideally meeting all the ASSURED
reactions that can be detected by optical or electrochemical methogfdleria. In many cases, the development of a POC biosensor begins
This is commonly achieved by incorporatingeroxdasemimicking with the optimizatiorof assay parameters using solutlmased assays,
DNAzyme (PMD) into the RP, which will contain hundreds to @d it is important to note that the emergence of simple commercially
thousands of PMDs per RCA reaction. Repomedrly 3 decades available handheld colorimetric and fluorometric readers (i.e. the Nix
aga? the PMD is a specific Guadruplex that can form a complex Pro Color Sensér , or the ANDalyze AND1100 Fluorimeter) makes it
with hemin, resulting in HRnimicking peroxidasectivity 2% These ~ Possible to perform solutiehased assays at the pegftcare. For this
G-quadruplexsequences enhance thatural peroxidasectivity of ~ réason, we first consider simple solutibased RCA assays utilizing
hemin upon binding antherefore can be utilized with common optical PNA aptamers or DNAzymes as MREs and producing optical outputs,

and electrochemical peroxidase assays, making them attractive 38§ then describe how these assays are integirtecsimple POC
reporter elements fdviosensind?® Importantly, the direct formation devices to produce portable sensors that better meet the ASSURED

of the PMD in the RP overctes the need to hybridize an externalcriteria. We then move on to consider heterogeneous optical assays
enzyme and remove excess unhybridized enzyme with a washing stéffizing solid supports such as beads or microwell plates. Optical
making it more compatible with POC diagnostid$iere are many 2SSays that utilize fluidic systemsided on glass, plastic or paper
examples of RCAvased assays that use PMDs to produce colorimetryStems to enable multistep assays without user intervention are then

outputs based on oxitian of 2,2"azinobis(3ethylbenzothiazoling- discussed. We then conclude this section with a discussion of RCA
sulfonic acid (ABTS),112:131.140,151.29801] o T|\B, [98.112.114.255] \yhich based electrochemical biosensors.

4.5. Detection using RPs IncorporatintlBzymes

will be covered in detail in Sectisn5 and 6. It must be noted,
however, that as is the case for HB&sed assays, lofigrm peroxide

stability becomes a challenge for operation in a POC setting. Homogeneous assaysatesigned to operate without the inclusion

of separation or washing steps, making them one of the simplest POC
formats. These assays are generally done in solution (i.e., microwell
plates or tubes) and comprise the majority of R&bled sensing

i - o strategés as noted in several revieW8:3°1 Herein, we describe

this approach a_I?M-I?ontalnlng RP is first gerated by RCA homogeneous assays that are amenahleg®f simple optical readers,
fO"O‘,Ne,d by hybridization of a fluorescent QDNA pmb?' 'hg and highlight the advantages and disadvantages of such methods
proximity of th.e PMD to the QD causﬂuor.escgnce guenching .oww'\g r?lative to various heterogeneous R€Aabled assays. We consider

j[o QI:.Mo-.hemln electron transier, reggiiigin a decreasggin SI9"Both onestep and multstep homogeneous assays, though in general it
intensity in the presence of RP. is best to minimize useteps to avoid the potential for user error and

The cataftic acton of PMDs can also be monitored Minimize assay time.
electrochemically by measuring the current related to the reduction of
) . " o An early example of an RGBased homogenous assay was
H202. This method has been extensively utilized for monitoring of o Lin 2 h ) h .
RCA reactions (see Section 6) and is compatible with opaque Samprlggorted by Di Glusteet al. in 2005, who described a thrombin
targeting assay that was able to fluorometrically detect thrombin in

that mz)); SOTOt b,e amenablg to colorimetric or fluorometric, ..\ iiye yithin 30 minutes in a orngtep, onepot assayt*d In this
outputs303E04 |t is also possible to use the PMD to produce an . . b

- 5 . case both a linear and circular thrombin aptamer were employed for a
electrochemiluminescence signal whereahe PMD catalyses the

o L . _(;Jroximity extension assaysée Section 2.2.2)yith the RCA reaction
OX|dat|oh of luminol in th; presence of hydrogen peroxide generati pnroduct detected using SYBR Green | with a detection limit op!g0
of a luminescenCEIEH (Figure 2.10A). A drawback of this method is the low number of
Alternatively, RCA can be used to produce BNA-cleaving targets having two or more distinct aptamers that bind to different
DNAzyme as a component of the RP. When repeating RCD units &itopes, and the need to circularize one of the aptamers, which could
incorporated within the RP, they can be used to cleave fluorogerfl@/e detrimental effects on the native binding affinity of the

DNA-RNA substrates to generate a fluorescence ofidt? These aptamef:
substrates have a specific DNA sequence that contains a single The majority of homogenous FNénabled RCA assays utilize

ribonucleotide cleavage site flanked by a fluorophore and quenChg{r‘uctureswitching aptamers to generate inputs to the RCA reaction

which leads to low fluorescence background. The RP contains Mald fluorescence outputs for detection. Several variations on this

RCDs whichcan cleave multiple substrates per repeat unit, producinaqpproach are desbed below. One of the initial reports on use of

5.1 Homogeneous Optical Assays

PMDs can also be used for fluorescebesed sensing, based on
the quenching of fluorescent aptum dot (QD) probes via a
peroxidasemediated photoinduced electron transfer sydt&2 In
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structure switching aptamers as FNAs was by Zhu et al. who develof
a simple method fathrombin detection that operated by aptatvesed
inhibition of a PLP reaction, with RP being detected with SYBR Greg
| (see Section 2.2.1%4 Without thrombin, the aptamer is able to
hybridizeto the ligation strand, preventing the formation of a CT an
blocking RCA by Bst DP. Throhin causes switching of the aptamer
off the ligation strand, allowing CT formation followed by linear RCA,
producing a detection limit of 1 pM, or hyperbranched RCA to achiey
a 2 fM detection limit ir8 hrs
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Yanget al.also used a structure switchingpsoach linked to PLP
inhibition for PDGFdetection (see Section 2.2Rigure 2.5A).1%51 In
this approach, target binding caused a structural change in the aptamer = Figure 2.10. Homogeneous FNA-RCA assays with optical
t | the t inal d hich itted ligati t iert detection methods. (A) Fluorescence data for proximity extension of circular
ore eas_e € terminal enas, w 'F .perml _e lgation (_) convert pya aptamers with real-time detection of the thrombin target. (B) Visual
aptamer into a CT for redlme monitoring of linear RCA with SYBR  detection of CEA based on PLP ligation, hyperbranched rolling circle
Green |. A drawback was that the assay requiredy four steps, includagplification and AUNP aggregation. Figures adapted from references cited in

a heating step, and also required 3 hours to produce a detection limitsF

0.3 nM of PDGF. However, the assay vedso shown to be amenable  \jore complicated structure switching systems can be developed
to detection of PDGF in cell lysate with a comparable LOD of 0.4 NMpy integrating theaptamer into a tripartite system comprising the
ptamer, prgrimer and CT (see Section 2.1Fgure 2.3A), as was
emonstrated for PGFmediated activation of HRCA!® In this

case, the target removes the aptamer, which acts as a control element to
Prevent priming of the RCA reaction. Upon removal, phi29 DP

Simple structureswitching systems have also been developea
using colorimetric outputs. For exampleiang et al. combined
structureswitching aptamers to cant RCA with the adsorption of
unfunctionalized AuNPs onto the RP to detect carcinoembryonic ~ . - . .

) 139] . - mediated exonucleolytic digestion of a ymeémer produces a mature
antigen (CEA) Once again, target binding to an aptamer

. . ; L rimer to initiate HRCA, with the RP genetian monitored in real
modulated a PLP reactiofsee Section 2.2.1), witkarget binding fi)me by EvaGreenFigure2.11A, top) Tghis method could detect 100
permitting ligation and amplification. The final LOD was 2 pM using y 9 LA, Top).

H-RCA, based on a rem-blue colour transition upon AUNP fM of PDGF after 15 minutes of amplification, and 1 fM of PDGF

) . . . using aRCA time to 2 hoursKigure2.11, bottom). Wanget al. used
adsorption tahe RP Figure2.108), whichis a particularly good LOD tlﬂe same tripartite regulation method to initiate an initial catalytic

for a colorimetric assay. The assay was also highly selective Wiﬁairpin asembly approach that was theoupled with exponeia
100006fold concentrations of various interferents having no effect OEICA providing a detection limit of 0.2 pg/mLY ®TA in 90 min

the signal. (Figure2.11B).*° In addition, a split aptamer variation was reported
ut i |l i zi ng-exanuckdseniedulation n&thod paired with an
endonucleasassistedeedback system (Section 2.1F2gure2.3B) for
the detection of AP (LOD of 0.09 nM) Figure 2.11C)[*'71 Both
systems were successfully tested against samples of red wine for OTA
and human serum for ATP, respectivelythwthe fluorogenic probe
NMM  binding to Gaquadruplexes present in the RP.
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Figure 2.11. Homogeneous FNA-RCA methods utilizing tripartite structure-switching systems paired with t h e-ex@ndclease activity of phi29 DP. (A)
Tripartite structure-switching and DNA amplification of a DNA assembly for detection of PDGF. (B) Tripartite structure switching detection paired with catalytic
hairpin assembly for the detection of PDGF. (C) A dual-aptamer approach for ATP detection based on endonuclease-fueled feedback amplification Figures
adapted from references cited in text.

Recently, Liu et al. reported on a a simplified variation of thes the output, resultingh the colorimetric detection of PDGF via
tripartite structureswitching assay system that removed the need faoxidation of TMB led with a LOD of 1.96 fM in diluted serum
inverted dT pr ot emdtofithe greorgnercasi ghi29 eampleshreough &ery sensitive for a colorimetric assay, the method
digestion was natsed (Section 2.1.Eigure2.2B).11 This approach required over 3 h to perform and required addition of peroxide and
used a dendritic RCA method for exponential amplification and PMDs
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TMB following RCA, adding complexity to the assay and preventin
reaktime signal generation.

It is also possible to use an imat structure switching system
based on aptamers that can form hairpin structures. Here, a w
hairpin is initially present, which can be extended with Klenov
fragment (KF) to produce a strong hairpin, denoted as a shield
aptamer, that is unable to birtarget or initiate RCA. Addition of
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target prior to KF opens the hairpin and prevents hairpin extension
KF, thus allowing a primer extension on the aptamer to inifREA
(Section 2.1.2Figure 2.3D).'*°l The aptaprimer approach was used
for detection of three small moleculesith linear RCA providingone
pot, threestep detection of OTA (LOD of 38.8 fM), kanamycin (LOD
of 8.9 fM), or L-tyrosinamide (LOD of 47.5 pM) with a 3 hour assay|
time (Figure2.12A), and were amenable to detection of these targets o
spiked serum (kamaycin andtyrosinamide) or red wine (OTA).
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Control of RCA can also be accomplished by having aptaprime ® 9 .
switch off a educed graphene oxidgirface (Section 2.1.Figure .
2.2C)[119 This approach has been reported for detection of sevel £ =
types of targets, includinthrombin (protein) ATP (small molecule)
and HC\A1 DNA (NA). Here,the aptamer was modified with a primer
extension, prodcing an aptaprimer that could initiate RCA. When 19
bound to rGO, the aptaprimer was prevented from binding to a C
However, release of the aptaprimer upon target binding freed ti
primer to bind the CT and initiate RCA, with the RP being detected by
binding of a molecular beacorfrigure 2.12B). The authors reported
detection limits ofLO pM for thrombin, 60 nM for ATP, and 0.8 pM
for HCV-1 DNA eachwith a total assay time of under 3 howrgh
linear amplification The thrombirtargeting assay waalso shown to
be amenable to detection in-&fld diluted human serumwith a LOD
of 10 pM. In a followup paper, Maet al. further optimized theCT
with stronger binding to the released aptaprintefurther drive the
detection limit down and improved the LOD of the thrombin system
10-fold from 10 pM to 1 pM!tH

o

3 10% Serum
= 10% Plasma

>

100

Counts per frame
Ratio (:PDGF)

10 s

L-Tyrosinamide] (M 1

LTy 1(M) R
Digestion Time (minutes)

Figure 2.12. Homogeneous FNA-RCA methods where the
aptamer and primer are in the same sequence. (A) Digital fluorescence
quantification of small molecules using shielding aptamer-triggered RCA. (B)
Real-time fluorescence detection of RP using molecular beacons with varying
concentrations of thrombin. (C) A signal-on biosensing strategy for PDGF and
thrombin enabled by toehold-mediated RCA. Figures adapted from references
cited in text.

In addition to aptamebased homogeneous assays, it is also
possible to produce such assays under the regulation of DNAzymes.
Liu et al. pioneered an approach for the detectioB.@bli by using a
An alternative method to structusevitching is to use m  pNA catenane to mechanically lothe system in place until cleaved
aptaprimer thatan either be blocked from priming RCA upon bindingpy the RCD (Section 2.2.3igure 2.7D) (Figure 2.13A, top)/sU
of target (Section 2.1.Figure2.2D) to produce a turff assay;®lor  Topolagically constrained nanostructures that are regulated by the use
used in combi nat i-exenucledse dutivity of @i2® BfrpRIAZFrikd cardifcrease the specificity of the interaction between
DP to produce a turon assay (Section 2.1.Ejgure 2.3C) (Figure  the target and FNAs. Amplification at the RNA cleavage site cannot
2.12C, top)!*®l In the first case, the binding of either thrombin orproceed until the base is treatedhwit PNK t o remove t
PDGF to their respective aptamers resulted in a reduction in RGfhosphate, a common cleavage product for several M)
product formation, leading to a detectiomi of 10 nM for PDGF and - \yhjle this was an individual 3@inute step in this assay, the same
100 pM for thrombin within 1 hout?* By incorporating the digestion groyp has shown that the PNK and amplification steps can be
step along with CT mediated strand displacement, an activation asg@mbined togethd?!¥ The authors investigated the integration of a
was produced with detection limits of 100 pM for both PDGF angp into the CT for colorimetric lineaRCA (Figure 2.13A, middle)
thrombin using reafime monitoring of linear RCA with SYBR Gold 414 compared it to fluorometric hyperbranched REAg(re 2.13A,
within 2 hours!'® Notably however, the activation assay showetyottom). The ihear PMD apmach (1000 cells per mL)
signal inhibition at higher concentrations of target (above 10 NM)nderperformed compared to theREA approach (10 cells per mL).
independent of toehold lengthF{gure 2.12C, middle) which the  The |ess sensitive colorimetric strategy requires six steps in three hours
authors ascribe to the inability of the toehold system to displace th§ getection by eye. In contrast, the fluorometric strategy is much
target when the targetiss large excess. With clinically relevant levels more sesitive and requires only three steps with a total time of 2.5
of PDGF and thrombin often falling within only one or two orders of,oys, though quantification requires a reader.
magnitude, the assay could still be applicable at the POC. As well, the
assay was optimized for detection of PDGF in human plasreaton Another example of DNAzymenediated RCA is the use of DFA
(Figure 2.12C, bottom). As target binding confers proteatimnto the to achieve exponential signal enhancement when using RCDs as the
aptamer from nuclease activity, this approach may be particularly wegicognition elemengs demonstrated by Liu et al. demonstrated for the
suitedfor nucleasecontaining samples. reattime detection ofE. coli. 231 Primary amplification through the
cleavage of the uniqueipartite system (Section 2.1.Bjgure 2.4B)
allowed for the autonomous generation of primers and secondary
amplification products (Section 3.2.3).The twostep isothermal
amplification incorporated both cleavage and PNK treatment
simultaneously within one hour. After sufficient generation of RCA

he
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precursors, linear amplification resulted in detection limit of 10 cells AI

per mL of E. coli after one hour foamplification Figure2.13B), or a

total assay time of 2 hours. Notably, DFA improved detection limits

by 1000fold relative to theunamplified RCD, requiring just a single

additional step. Though it has only been demonstrated for NA (mi
RNA) and RCDmediated E. colj targets, the authors indicate that the
assay should be amenable to many other analytes as long as generatio

of compkx | can be regulated through a molecular recognition event.
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Figure 2.13. Homogeneous FNA-RCA methods incorporating
RCDs. (A) Colorimetric (top) and fluorescent (bottom) detection of a catenane-
RCD triggered amplification. (B) A DNAzyme Feedback Amplification (DFA)
strategy for fluorescent detection of E. Coli. Figures adapted from references

cited in text.
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Table 2.1. Homogeneous solution-based methods.

WILEY-VCH

Detection Method RCA Method MRE Type Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Colorimetric Detection
AuNP hyperbranched aptamer structure-switching P! CEA 2 pM many [P multiple o] hr (139
PMD linear DNAzyme RCD E. coli M 1000 cells / mL many ! multiple o] hr (151
PMD dendritic aptamer structure-switching PDGF (M 1.96 fM many P! multiple o] hr 1207
intercalating dye linear captamer inhibition RCA thrombin 15 nM many P! multiple o] hr (143
Fluorometric detection
cDNA (fluorophore) linear aptamer inhibition RCA [FLF] aflatoxin M1 (M 0.0194 pg/mL many 37°C o] hr 1133
G-quad dye enzyme-assisted aptamer structure-switching P! ATP M 84 nM many multiple o] hr [279]
intercalating dye hyperbranched aptamer structure-switching P! ATP 1nM many multiple o] hr 183
intercalating dye hyperbranched aptamer structure-switching P! ATP ATP in a single HeLa cell many multiple o] hr 183
cDNA (MB) linear aptamer structure-switching (rGO) ATP M 60 nM many multiple o] hr [110]
G-quad dye enzyme-assisted aptamer (split) structure-switching ATP M 0.09 nM 2 37°C o) hr 117
G-quad dye enzyme-assisted aptamer structure-switching P! BPA M 54 aM many multiple o) hr (280]
intercalating dye hyperbranched DNAzyme RCD E. coli (M 10 cells /mL many K7 multiple o) hr 151
intercalating dye DFA DNAzyme RCD E. coli 10 cells / mL 2 [RT] 37°C o) hr 122
cDNA (MB, Fr/Q) linear DNAzyme DNAzyme kinase [P GTP 4 g M. many multiple o] hr [148]
intercalating dye linear aptamer structure-switching kanamycin (M 8.9fM, 1 many multiple o) hr [219]
intercalating dye linear aptamer structure-switching L-tyrosinamide (€M 47.5 pM many multiple o] hr [119]
cDNA (QD) linear aptamer structure-switching P-P1 lysozyme (M 2.6 nM many multiple o) hr [229]
G-quad dye stra:sds-gitzzjla;:(e:r:ent aptamer structure-switching MUC1 M 0.5 pM 3 37°C o) hr 131y
intercalating dye hyperbranched aptamer structure-switching P-?1 OTA M 1.2 fg/mL many multiple ) hr 1282]
intercalating dye linear aptamer structure-switching OTA M 38.8 fM many multiple ) hr [219]
G-quad dye CHA-assisted aptamer structure-switching OTA M 0.0002 ng/mL 2 37°C ) hr 1291
dNTP monitoring linear aptamer structure-switching P-?1 OTA M 0.01 ng/mL many multiple ) hr [224]
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intercalating dye linear aptamer inhibition RCA PDGF 10 nm 2 [RT] rt. 60 min [812]
intercalating dye linear aptamer structure-switching P! PDGF (M 0.3nM many RTI multiple O 3 hr [225]
intercalating dye hyperbranched aptamer structure-switching PDGF 1M 1[RT 30 O 2 hr [216]
cDNA (MB) linear aptamer structure-switching P! PDGF 6.8 pM many multiple O 3 hr (249]
G-quad dye enzyme-assisted aptamer structure-switching P! PDGF (M 0.38 iM many multiple O 8 hr 277
G-quad dye HCR-assisted aptamer structure-switching P! PTK7 0.3 1M many multiple O 7 hr (279
G-quad dye HCR-assisted aptamer structure-switching P! PTK7 10 CCRF-CEM cells many multiple O 7 hr (279
G-quad dye HCR-assisted aptamer structure-switching P! PTK7 20 Hela cells many multiple O 7 hr (279]
intercalating dye linear aptamer inhibition RCA thrombin 100 pM 2 [RT] rt. 30 min [312]
intercalating dye linear aptamer inhibition of PLP [Pl thrombin 1pM many 37°C O 3 hr 181
intercalating dye hyperbranched aptamer inhibition of PLP [Pl thrombin 2M many 37°C O 3 hr [181]
cDNA (MB) linear aptamer structure-switching (rGO) thrombin (M 10 pM many multiple O 2 hr [110]
intercalating dye linear aptamer sandwich (apt 2x) thrombin 30 pM 1 [RT 37°C 30 min (143

[a]l] Tabl e F dRY tenates that defedtign was done with real-time monitoring; (PP denotes that the assay used a padlock probe ligation reaction; “denot es t hat the assay was tested wif
denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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5.2 Heterogeneous Assays substantial factor in achieving the reported detection limit of 7.1 fM of

PDGF Figure2.14C, bottom right).
Heterogeneous assays employ some form of separation step to

physically separate assay components. While this increases the assaySeveral classes of particulates usedhiesé homogeneous assays
complexity and number of steps, it gives researchers more control otave characteristics that can be exploited to increase assay sensitivity.
the reaction buffer, which magaquire strict conditions for subsequentGold nanoparticles, specifically, can be used as a surface for target
reactions including RCA. Heterogeneous solutiased assays are immobilization and for their redox capabilities. Abn@isal. made use
summarized iMmable2.1. As well, it aids inthe removal of unreacted of these featuein theirtheir aptasensor to detette small molecule
components that may adversely affect downstream steps. For examplégatoxin M1B4 This approach regulates the digestion of single
FNA-based heterogeneous assays may employ ethanol precipitatiorstianded DNA by a CRISRRasl2a system, a version oircular

a means of separating NA species during the assay, though this metligation regulation (Section 2.2.1). CRISRRs12a regulates the

is intensive and less applicable at the POC. Inapgoach, Ali and Li  availability of a ligation strand for a PLP reaction. In presence of
used an RCD for the detection of AT{Bection 2.1.3Figure 2.4A)  unbound aptamer, CRISPRas12a is activated and digests the ligation
where The linearlyamplified output RP was hybridized witANA  strand, thus blocking RCA. Centrifugatios used in several steps,
probesin solution*?? Physical separation using ethanol precipitatiorincluding one for the removal of unbound aptamers and padlock
was used to isolate the RP and reconstitute it in a hybridization bufferobes. Targetriggered amplification results in an accumulation of RP
designed to mamize PNA probe hybridization to RP and intercalationon the AuNP surface which limits its ability to reduce endogenous
of the colorimetric indicator, DisC2This method can reduce yellow 4-nitrophenol to thecolorless 4aminophenol, giving clear
background signal generation as PNA is not native to biologicablorimetric indication of amplification. Though this approach utilized
samplesand they are not vulnerable to nucled$®sthough he blue  a ligation step, it achieved a detection limit of 0.05 ng/L. With
to-purple color change can be difficult to determine by dyigufe sensitive detection achieved in spiked milk samples as well (0.15
2.14A, top). Notably, the assay was relatively slow at roommg/L), this gproach rivalled several electrochemical alternatives.
temperature, anthus required a heating step to increase the rate of the

color change otherwise several minutes of incubation at roo N N
3 ) ) ) . J Ali 2009 ﬂ Huang 2020

temperature was required. The assay achieved a detection limit of ] )

UM of ATP in over 4 hoursRigure2.14A, bottom). -t "

Huang et al. demonstrated a more practical method of separat| @ = o
by using a membrane filter to separate unbound aptamers for gas ! ] P >
cancer exosome detectiBf? The authors incubated amiUC1 g
aptamers with gastric cancer exosomes allowing the aptamers :
hybridize with the MUCL1 cell surfacprotein, which is overexpressed R m e

Suorescence (a.u.)

in gastriccancers (Section 2.2.Figure 2.5E). A 22nm pore size [ m:o: j
membrane then filtered the solution to separate free and bou o P -

aptamers, removing the large eafitamers complexe&igure 2.14B, . e "’,_:_,' W0

top). The aptamewas liberated from the cell surface by heat treatmer| o, amts e I ;E}M__ o : '

and subsequently circularized by PLP reaction only if the unbour n,}_‘.}:iﬂm :tj: o> gos & . o
aptamer remains in the filtered solution. Finally, they monitored H e s B L Yy %L. ?

RCA in realtime using SYBR Green IF{gure 2.14B, bottom) for a T ° : ;*;m
detectionof as low as 4.27 x f@xosomes per mL. Though filtration M:_w Gl g peeomes pa A

is faster and less labamtensive than ethanol precipitation, the addec.
processing steps, including heat denaturation, make this approach
challenging for POC applications.

Figure 2.14. Heterogeneous FNA-RCA methods where magnetic

Several strategies have been suggested for the physical separditfgis are not used. (A) Colorimetric sensing by using allosteric-DNAzyme-
. . . . coupled RCA and a PNAI organic dye probe. (B) Fluorescence detection of

of RP from its endogenous solution, including those tethered to a bulk i cancer exosomes based on an aptamer-PLP E-RCA (C) A dual-
solid surface (i.e. mrowell plates, glass slides, discussed in 6.2.2) Ofiptamer PDGF bioassay using the colorimetric detection of PMD-rich RP.
their particulate equivalents (i.e. agarose beads, or magnetic beaélg)res adapted from references cited in text.
These particulates, sometimes called beads, may be used to tether5.
sandwichstyle MREs as Tanget al. demonstrated in their dual
apamer assay for PDGF detecti¢8ection 2.2.1Figure 2.5D) 5% Magnetic beads are another class of particulates used in
The centrifugation step was key to this approach as it physicalljomogeneous assays that can replace centrifugagised bead
separated any avidin beads with biediotamerttarget complexes strategies where centrifugation is not practical, as may beageewith
formed on the bead surface from solutiéigire 2.14C, left). As  portable POC devices. As implied, a magnetic force applied to the
opposed to ethanol precipitation and membrane filtration,-baadd beads allows for simple separation of bé&adnd and unbound
centrifugation can be performed quickly and with ease whergompounds. This allows researchers to retain the separation powers of
equipment is available. The sandwich formation acted to tethertide technique while minimizing the infrastrusurequired to achieve
primerCT duplex to the bead surface, forgoing any PLP step it. Songet al. used magnetic beadsr the aptameric detection tfie
allowing for the linear amplification dPMD-rich RP for colorimetric  bacteriaV. parahaemolyticugFigure 2.15A, top). B%! This method
detection Figure2.14C, top right). Avidin beads have great utility as used adualaptamer approach with the additiof a biotinylated
the tagetbinding stage occurred in a volume of 100 uL whereas thenchoring aptamer and a detecting aptamer into a target sample. Next,
centrifuged beads were resuspended in only 10 uL of buffestreptavidincoated magnetic beads were added and used to extract the
effectively concentrating the solution téoid. This preconcentration pathogenic bacteriaThe detecting aptamer could be converted into a
effect is a typical advantage of bebased assays and may Be CT through a PLP stefor amplification with nickingassisted RCA.

2.1 Magnetic Beads
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With PMDs integrated into the RP, the addition of hemin and ABTM
allowed for the colorimetric generation of a green solution in th
presence of the target bacteria corresponding to a detection limit of
CFU/mL (Figure2.15A, middle). Monitoring of fooeborne pathogens
is an ongoing need withV. parahaemolyticusbeing a common
pathogen in seafood. Even more any colorimetric approaches could %’\:”W\’:ﬂ O
be impacted by the composition and opacity of the food product itse

This assay employed magnetic bdmbed separation and
colorimetrically detected the bacteria in various spiked food sampl '/ ' /4 y
(oyster, clam, codfishjellyfish, shrimp, milk, and squid)F{gure
2.15A, bottom). In all, theull assay could be conducted in just 1 h 498B] Xu2020 cj Y02
min though it did require severdeps including a 98C termination L«H e SR
step for the PLP reaction e S A

1 V. parahaemalyt
in food samples (CFU/mg])
2

ntration o

-
A

09 — C

MRSA cells were reliably enriched using a magnetic bead strate e I
in Xu et. ab s g ssay t Ihafat.an?erusan.elvwlc.h appraach ad ;» D= - e
separate theells using a streptavidiavidin interaction Figure2.15B,
top). Bl Several washing steps liberated the unbosathple
components, leaving MRSA cells tethered to the magnetic bead.
second aptamer was introduced, comprised of a PRBPpRafc
structure switching aptamer that released a hybridized blockir
sequence after binding to the target protein orcéflesurface (Section
2.2.1,Figure2.5B). PLPis only initiated when this second aptamer ha
MRSA cells to bind to, freeing the blocking strand to act as a ligatig
template and primer. Together PLP and linear amplification takes
approximately 70 minuteslTo improve assay sensitivity, instead of
using an ERCA the assay employed CRISRRs12a enzymes whose Figure 2.15. Heterogeneous FNA-RCA methods utilizing magnetic
trans-cleavage activity would cleave MBs accumulated on the RP. Theads. (A) Visualized detection of Vibrio parahaemolyticus in food samples
wide linear range of this assayo% to 1¢°F CFU/mL, Figure 2.15B, using dual-functional aptamers and E-RCA (B) Dual-functional aptamer and
bottom) was attributed to the combined powers of RCA and tHeRlor R-Casi2a assisted RCA for the detection of MRSA. (C) Magnetic bead
) i . . i inhibition RCA using quantum dot fluorescent detection of OTA.  Figures
attached CRISPRas 12a, allowing for bacterial quantification in less,gapted from references cited in text..
than 3 hours.Clinically-obtained serum was spiked to assess the
clinical effectiveress of the proposed microwell assay with good Background fluorescence from intercalating dyes can similarly be
SuCcess. minimized by ensuring other NA contaminants are removed, as
demonstrated in this assay monitoring real patient faecal samples in
Aside fromremovingassay components from a complex sampleeattime using a GDHcaptamer (Section 2.2.Figure 2.6C) %3l
matrix, magnetic beads can be advantageous particularly for removiAdter magnetic bead isolation of nGDBbbund captamer in the
unreacted detection agents, such as fluoresctaglyed cDNA probes. supernatant, the solutiowas heated to release the captamer for
Yao et al. utilized magnetic beads to remove unbound fluorescemtownstream RP generatiat 30 °C (Figure 2.16A, top). Here, the
quantum dot probes, which were then used as in indicator of-OTAeparation step aided in enisgr that there would be minimal
triggered RP (Section 2.1.Figure 2.2D).?% In this instance, the interfering NAs that the SYBR Gold could intercalate with, allowing
magnetic bead was tetheredb  t-dne of thedaptamer such that anyfor reatime detection of RPThe authors reporteah LOD of 10 pM
RP generated would stay immobilized on the magnetic bEagiré  of GDH in human faeceis just over 1 hour using this strateff§igure
2.15C, top).As it was an inhibition RCA regulation approach, only 152.16A, middle), despite employing a linear amplificationMore
minutes of linear RCA were required with the {qdbelled cDNA i nt erestingl vy, this group wa-s abl e
probe requiring 30 minutes of incubation with RP, resulting fatal  world applicability by testing several repatient samples Figure
assay time of just over one houfhe resuspension of the beads2.16A, botom).
allowed for high fluorescence with minimal background, achieving a
detection limit of 0.13 ppt for OTARigure 2.15C, bottom), with Miao et al. used immunomagnetic beads to capture and isolate
validation in red wine samples. PDGF and used the catalytic power of GOx detection to boost
sensitivity Figure 2.16B, top)'®  This assay utilized an antibody
and aptameprimer sandwich complex to reduce pgpecfic target
bonding (Section 2.2.1Figure 2.5D). As there are few targets with
aptamers for two unique epitopes to participate in the sandwich, it is
very common to see antibodyptamer (Ab/apt) sandwich
interactiond?8%.203316] Exponential dendritic RP propagates from its
sandwich complex anchor, an@Ox-labeleld primer complexes
accumulate within the branched concatemeric RP. he T
immunomagnetic bead was again magmdiicisolated from solution
and resuspended in fresh solutioNext, glucose and bromocresol
purple pH indicator were added and thlemaining RFbound GOx
drove acolor change from purple (basic) to yellow (acid{€jgure
2.16B, middle), generating a LOD of 0.94 pM of PDGF with$15
hours Figure2.16B, bottorn). Many examples throughout this review
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have demonstrated the various waysonverta linear RCA proces®
exponential forthe ultrasensitive detection of analyte. However, thi
approach combined both exponential RCA with @®adiated
detection, making for a relatively sensitive deaponential approach

that could be evaluated by the naked eye. The use of magnetic be
wasrequired to remove background RP as well as to carefully conti

the buffer capacity in the final detection st&py for the use of the pH
indicator.

Huanget ald s assay i ncr ecaptadizihg enehes
fluorescence quenching ability of AuNP Aptameiprimer binding to
nucleolin completed the sandwich assay formatalowing tethered
RCA to occur upon binding to leukaerdarived exosomes (Section
2.2.1,Figure2.5D).?%51 However, in this case the detectimas based
on hybridization of FDNA probes bound to and quehed by a gold
nanopatrticle in the assay solutidrigure2.16C, top). These quenched
probes would preferentially bind to éhtargettriggered RP and be
cleaved by a nicking endonuclease, separating it from the quench

WILEY-VCH
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AuNP and restoring fluorescence. The detection cycle can be repeg
multiple times per AuNP, providing an exponential signal
enhancement beyond RCA, limitezhly by the number of probes
immobilized on the AuNP surface (~55 probes per AuNP). This +oon
temperature approach could detect as few dstfsomes pegl in
slightly more than three hourBigure2.16C, botton). A drawback of
this approach was the need to perform the nicking enzyme detect
step after the completion of the linear RCA reaction to avoid th
possibility of the nicking enzyme cleavingetfCT (which must also
include the nicking site to produce the complementary sequence),
this would halt RCA entirely.
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Figure 2.16. Heterogeneous FNA-RCA utilizing magnetic beads.

(A) Epitope-specific detection of GDH using circular aptamers and SYBR Gold
fluorescence detection of RP. (B) An immunomagnetic strategy for colorimetric
pH sensing strategy with GOx for the detection of PDGF. (C) Fluorescence
dequenching AuNP biosensing strategy for the detection of leukemia-derived
exosomes. Figures adapted from references cited in text.
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Table 2.2. Heterogeneous solution-based methods.

WILEY-VCH

Separation Method Detection Method RCA Method MRE Type Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Colorimetric detection
centrifugation 4-nitrophenol linear aptamer structure-switching P aflatoxin M1 M 0.05 ng/L many multiple ) hr [817]
ethanol precipitation intercalating dye linear DNAzyme RCD ATP 100 pM many multiple o] hr 12201
magnetic bead PMD enzyme-assisted aptamer structure-switching P11 cancer cells (ramos) 81 cells many multiple o] hr 1297
magnetic bead PMD enzyme-assisted aptamer structure-switching P lysozyme 7.2 M many multiple ) hr 1297]
magnetic bead PMD linear aptamer sandwich (apt x2) OTA [M 1.09 ng/mL many multiple o] hr [301]
avidin bead PMD linear aptamer sandwich (apt 2x) PDGF [M D71 M 2 multiple o hr B3]
(0.2pg/mL)
magnetic bead pH dye dendritic aptamer sandwich (apt/Ab) PDGF M 0.94 pM many 37°C ) hr [184]
magnetic bead PMD enzyme-assisted aptamer sandwich (apt x2) PPl V. parahaemolyticus ™ 10 cfu/mL many multiple o] hr [300]
Fluorometric detection
magnetic bead cDNA (MB) enzyme-assisted aptamer structure-switching 1 7-Bstradiol (E2) (M 63.09 fM many multiple 5 hr 1253]
magnetic bead cDNA (MB) linear aptamer structure-switching PLP1 cocaine 0.48 nM many multiple hr 1139]
) ) . iy 10 BT474 ) . (2501
magnetic bead cDNA (MB) linear aptamer sandwich (apt/Ab) EpCAM cells 4 multiple O hr
100
i : r PLP] oM particles per . 1265
magnetic bead cDNA (MB, F/Q) enzyme-assisted aptamer sandwich (apt/Ab) exosomes uL many r.t. O hr
exosomes
structure-switching
magnetic bead intercalating dye linear captamer (recombinant to native GDH [M 10 pM many RTl multiple o) hr [113]
protein)
i i i [PLP] [cm) 100 i ° [315]
magnetic bead cDNA (MB, F/Q) linear aptamer sandwich (apt x2) MRSA CFU/ML many multiple (0] hr
separation by spin-down 4.27x 1074
centrifugation intercalating dye hyperbranched aptamer P ' 0y SP P MUC1 M exosomes / many RTl multiple o) hr [132]
no switching mL
magnetic bead cDNA (QD) linear aptamer structure-switching P-F] OTA M 0.2 pg/mL many multiple o) hr [136]
magnetic bead cDNA (QD) linear aptamer inhibition RCA OTA M 0.13 ppt many multiple ) hr [245]
magnetic bead intercalating dye linear aptamer structure-switching P! tetracycline (M 0.724 pg/mL 3 multiple o) hr 1227]
magnetic bead intercalating dye linear aptamer sandwich (apt/Ab) thrombin 2nM many R7 multiple o) hr 1229]
centrifugation cDNA (MB) linear aptamer thrombin 1pM many multiple ) hr (111

structure-switching
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(rGO)

sandwich (apt/bead

i e i o [228]
fixation) Tip60 220 fM many multiple O 3 hr

magnetic bead intercalating dye linear aptamer

[a]l] Tabl e F d? tenates that defedtign was done with real-time monitoring; [P-F! denotes that the assay used a padlock probe ligation reaction; “d enot es t hat the assay was tested wi:
denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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WangetalL,ex pl oi ted AuNPOs peroxidase
6. Solid-phase Assays ultrasensitive sensor for thrombin detectitfl.Here, the authors used
an inhibition RCA regulation method with a thrombin captamer such
that target binding prevenRCA (Section 2.2.1Figure 2.6D) (Figure
2.17B, left). Hydrogen peroxide reduced gold (lll) to form well
applications as many aspects of sqiihse device design intend to dispersed AuNPshgt are a characterist.ic red color indicating an
absence of thrombin. Conversglyargettriggered RCA generated

simplify user handling steps and increase portability. sdlidphase ) . A
. ) . F’MD—rlch RP which competes to reduce hydrogen peroxide into water
assays, a portion of the assay components is tethered to a solid surfac

with the rest free in solution. We focus on seithse most often used anc? oxygen gas. A decreasgn avciiqgiebydrogen peroxide slows the

with POC testing, including the surface of beads (as discussed in Slgri‘:etlcsof AuNP growjigiRtesults |_n AT with p.oo.r morphology .

; . . . .. and a tendency to aggregate, leaving a characteristic blue color in
glass slides, microwell ates, microfluidic channels, or on paper. With ution. This ult " h ble t hi detecti
proper care and optimization, FN#ased biosensors that utilize RCA soldtion. This Litraggnsitive approachigyas abe to achieve a cefection

can be integrated into these formats to create powerful, portatl)'lmIt of 10 aM for thrombin in just over 4 hourbigure2.178, right),
devices with an integrated amplification system primed for

which is particularly impressive for a colorimetric assay. The PMD
ultrasensitive dtection.Individual POC applications may have uniqueStrategy is thef@pst W!dely used_ coIonmetng approgclfm-llnked
. . - BCA assays, and typically achieves detection limits in the fetoto
characteristics and demands that make certain strategies more prac

ical . .
than others. For instance, papdased biosensing offers a host Ofplcomolar ranges. Here, the same modifications of CT are required but
advantages compared to using glass or plastic surfaces. isgkew

utilizing gold as a redox agent has proved to be very effective relative
lateral flow devices allow for simple effevice separations or timed

to the commonly used TMB or ABT&ternatives.

reactions.As such, it is imperative that the assay requirements are well zhan et al. demonstrated an example of colorimetric bacterial
understood such that the shecombinations cabe selected. In this getection in food samples using microwell plate detectionLof
section, we will focus on these sofithase mediums that can be monocytogenes(Figure 2.17C, leff).258) The authors state their
detected optically, and the considerations for different surface formatgention to develop a test to compete with the standard ELISA assay,
are discussed. A summary of sefilase examples can be found fory5 £ SA been accepted as the gstandard for antibodpased
colorimetricbased methods in Table 2.3 and fluorométased i osensor s ’ noting their assayods
methods in Table 2.4. similar antibodybased tests. Thidevice (and other sandwidike
RCA assays) required several steps and a comparable assay time (over
5 hours) indicating that there is high demand for these tools despite the

Bulk solid immobilization differs from bead immobilization in technical skill required. Structuswitching  aptamers were
many ways, and each offers its own advantages and disadvantaig@globilized on the wface, primed to release the aptameric sequence
compared to their particulate counterparts. While a bulk solid andtrough target binding tb. monocytogene{Section 2.1.1), leaving an
particulate solid may havén¢ same volume, their effective surfaceexposed primer for RCA Biotinylated DNA and streptaviditagged
area differs greatly. The strategies for washing these two different solitRP were added to the wells for hybridization to the su+fatteered
surfaces differ, as one is dispersed within solution and the otherR®. The HRP converted TMB from colorless to yellow in a target
submerged within. Commonly these assays will incorporate multipgependent manner leading to the quantificatiorL.omonocytogenes
stepsincluding washing steps, and the use of optical instrumentation ¥§th a detection limit of 460 CFU/mL. This isothermal 3] assay
allow for highthroughput analysis. Higthroughput analysis is not successfully detected target in spiked fresh lettuce samgii®wing
necessarily applicable at the POC directly, but surely these approache@ € appr oachos eased detechobHgure 21YyC, f or f
can simplify, expedite analysis, and decreasstcin those scenarios ght).
where basic optical instruments can be maintained. Specifically,
microwell platebased analysis is highly attractive for réele
analysis.

POC biosensors that utilize the sefilase in lieu of solution
phase are the most likely to be practically applied for-weald

6.1 Microwell plates and glass slides

In situ RCA analysis allowed Gaet alto distinguish betweesix
cancer cell lines by independently monitoring three different plasma
membrane protein (PMP) targets: MUC1, EpCAM, and HERgure
Cheng and cavorkers utilized AUNFDNA to hybridize to RP  2.17D, top)¥?5? Here, the cells were fixed on glass slides to allow for
immobilized on glass slides, ther improved by their application of subsequent washing steps t@move unbound probes. Once
silver enhancemenfigure 2.17A, top)28l This scanometric method immobilized, aptameprimer sequences bound available PMPs and the
did not require sophisticated instrumentation but did require washif§imer end was free to initiate RQfSection 2.2.1). Nickingnzymes
steps taremove unbound AUNPs that contribute to background signdlicked bound MB probes, restoring fluorescence for quantification of
The authors covalently immobilized an aptaspemer and CT on a €ach target. The auits report they were able to detect as low as 25
glass slide, competitivelpinding with either the target or the CT copies per cell (or 166 aM) of PMPs based on an analysis of 100 cells.
(Section 2.1.1).  Any unbound VEGF or displaced CT was removdalrther, the authors were able to distinguish and identify cell types by
from solution with a washing step and phi29 DP was added to initiatenning the assay in parallel with different aptamer probes>MP
RCA. Where VEGF had bound to aptamer, no RCA was generatédofiling (Figure 2.17D, bottom), providing a useful multiplexing
creating an inhibitoy assay. Next, AUNIDNA was allowed to approach. An important caveaerke is that theRCA reactionand
hybridize with the RP and was followed by a silver enhancement st@plification mist occur consecutively, limiting the ability for real
to further improve the visibility of the detection probe, which could b&ime RP monitoring. Further, a temperature of°€7for 60 min was
visualized with a simple flatbed scanner and quantifEspite several required to allow optimal function of the nicking enzyme, a common
washing stepshts fourstep isothermal (3&C) approach was able to observance for enzyrressisted amplification strategies
achieve an ultralow detection limit of 10 fM of VEGF in just over 3

hours(Figure2.17A, bottom) Most FNA-based optical detection platforms using RCA focus on

the monitoring of wavelengths in the visible spectreither via color
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or fluorescence. Lt al. showcased a portabkmartphone based
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equipped. The authors reporting a detection limit of 0.2 ng/mL of PSA

infraredbased thermal aay for the sensitive detection of PSA usingin just over 5 hoursRigure2.17E, right)and could potentially be used
CuxS, a heaactive nanocrystal, tethered to a DNA strand (GuxSas an optical detection strategy in otherwise optically challenging

DNA) as the hybridization probd&®l For the assayan antibody
aptamer sandwich complex was used to perform @dttion 2.2.1,
Figure 2.5D) on amicrowell platein several steps.ihear RCA was
generated on the microwell surface and GIX$A was hybridized to
the RP Figure 2.17E, left). Heat from an IR laser wabsorbed by

mixtures With the thermal monitoring being conduttat 2@C, we
suspect careful calibration of the assay would be requirelifferent
environments Notably, beyond incorporating a smartphone for signal
detection, it can also be used for data transmission for interpretation by
highly qualified personnethat may not otherwise be present at the

CuxS, increasing the solution temperature and with temperatuR©OCE
changes monitored using a smartphone with an infrared thermal imager
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Figure 2.17. Microwell plate and glass slide-based FNA-RCA assays with optical detection methods. (A) An aptamer-initiated RCA method for the
scanometric detection of VEGF. (B) An inhibitory aptasensor using HRP-mimicking DNAzymes for the reduction of AuNPs and the visual detection of thrombin.
(C) Foodborne pathogen RCA-linked aptasensor using colorimetric detection of catalytic HRP action. (D) Quantitation of plasma membrane proteins using an in
situ aptasensing approach with fluorometric RP detection. (E) A portable smart-phone infrared-based thermal aptamer-RCA assay for the detection of PSA.
Figures adapted from references cited in text.

Microfluidic devices operate miniaturized assays that utilize extra
low volumes mani pulating Iliquids in

6.2 Microfluidic Devices
ap
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micrometer scal&?° Microfluidic devices often prioritize the ath- 3-D printed RCA devices can be tuned for POC testing, as
one aspect of their design, in that all aspects of the assay proceedhonstrated byn on-site chip for mercury detection developed by
without user interventionAnalysis of small volumes in turn requires Lim and ceworkers Figure 2.18C, top)?°! This turnoff assay
less reagents, solvents, and assay time, making them an obviows chd@monstrated sensitivity for inorganic mercury through generation of
for POC designsMicrofluidic devices use comparativelgds volume PMD-containing RPs by eye and by portable spectrophotometer.
than conventionalpatient samghg, which may be attractive for Though there is no aptamer for mercuric ions, they are capable of
invasive and/or frequent sampling measures, such as blood drawibinding between two thymine residuesstabilize FT mismatches, as
However, with such small volumes, detection of tracaydes can be a such a twelve nucleotide polyT primer was used for mercuric ion
challenge, necessitating-taoard amplification strategiefRCA can be capture. In this inhibition RCAtrategy (Section 2.1.Eigure 2.2D),
paired with microfluidic devices to enhance target signal despite thumbound aptamer could be linearly amplified and rapidly heat
relative low abundance of target in these small volurAesther key denatured by an eboard Peltier heating module. Heating narrow
feature of microfluidic apprches is that the fluidic system canchannels and low volumes can be a rapid and energy efficient task.
automate sequential steps and direct flow through from one regionRarther, pairing this device with a temperatucentrol module
another, mimicking separation steps. With such small sample volumaimizes user error as the temperatures can be better regulated. Here,
onboard heating elements can be incorporated to rapidly heat solutienéluid pump was required to transfer the RP to a detection reservoir
to regulde temperatursensitive reactions or facilitate dissociation of(Figure2.18C, top), wherehe RRPMD sequences reduced ABTS for
key assay components. The caveat is that this necessitates the usecofaimetric detection by a portable colorimetric readegyre2.18C,
power source for the elbpoard pumps or heaters, complicating its use ahiddle). This 3@minute assay demonstrated an LOD of 8L in
the POC. spiked tap water samples, comparable to conventional ICP/MS analysis
(Figure 2.18C, botton). Further, as this microfluidic device is printed
Feng et al. incorporated a unique ofpace microchip for 4niqy on commercially available 3D printers, it highlights the
integrating cell culturing with the detection of VEGF that t00kgyrengths of 3D printing for accessible POC assays. As well, the same
advantage of fluid flow on a solid surfaé&! In this design, the chip ,,thors recently reported a similar-site chip for mercury detection
was sgmented in half by a connecting channel containing aithout the need for a fluid pump, with fluid transfer being achieved
interfacial tension valve that prevented the flow of reagents from oRj&ih 4 commercial &vell multichannel pipette (LOD of 3.4 pg/L and

end to the other, specifically enabling sequential reactions. On one epgl Hg/L in simple, and environmental matrices, respectiiR)).
of the chip was the cell culture chamber, and on ther @hé of the

interfacial tension valve was a capture aptamer immobilized on the He et al. integrated capillary electrophoresis into a microfluidic
microchip surface Kigure 2.18A, top) By connecting the two chip for the simultaneous detection of kanamycin, AFMid &2 in
reservoirsthe VEGF excreted into the extracellular matrix flowed tomilk sampled$?? Requiring a total assay time of just over 1 hour using
the capture zone and was immobilizédgure 2.18A, bottom),. The low temperatures < 30eC), the authors were able to achieve
channel was again severed and a signalling aptamer was added tonthétiplexed detection limits of 10 pg/mL for kanamycin, 0.95 pg/mL
capture zone to form a sandwich for PLP generation (Section 2.2fbiyf AFM1, and 6.8 pg/mL for E2, and were able to do so in spiked milk
Figure2.5D). The authors were able to detect as low as 10 pg per nsamples as well. The very short turnaround time and ability to detect
of VEGF, requiring only 10 pL of solutiomnd just under 2 hours multiple tagets in tandem offers tremendous advantage despite the
using fluorescentlyabelled cDNA Further, as the chip had-tward tradeoff of requiring magnetic bead washingeps. The authors

cell culturing, inducing a hypoxic cellular microenvironmengs ut i | i zed t {®nudease pyatent (Séceon RiFigure
confirmed by the measured increased secretion of VEGF into tBe8A), immobilizing a mixture of three unique tripartite systems (one
extracellular matrix. for each target) onto magnetic beads -(aJO4) to create the probes

(Figure2.18D, left). The sample was incubated with magnetic probes

Microchip devices are designed from the inception with portability phi29 DP and incubated ate30for 50 minutes, when the RP
in mind, making it logical to pursue detection strategies that can Rg,qeq magnetic beads were collected and hybridized with
detected by eye without bulkpstrumentation. Integrated devices are|nfunctionalized cDNA at room temperature. The recovered
well-suited for orsite detection for this reason. Thecrochip device supernatant was flowed through a microfluidic device forclip
developed by Liret al. for thrombin detection a model analyte for capillary electrophoresis using an intercalating dfégure 2.18D,
protein biomarkers, anticipated the need to dilute thenr-trim:l)(]j right). The remaining unhybridized cDNA probes were inversely
samplesto minimize matrix interferences by incorporating REA proportional to target concentration and could be size separated and
The device itself was produced usiagftlithography technologyo  quantified after just 3 minutes. For a future iteration, it may be

design theem-wide channels . Blocking of the microchannel surfacgyeneficial to integrate all steps into a microfluidic cHipwever the
with fetal bovine serum was necessary to prevent the absorption of mﬁltiplexing here provides a clear advantage.

protein matrix auunblocked channels lead to high recoveries despite
the samples being diluted a thousdoldl. The assay is triggered by In another example, He et al. developed a ratiometric microfluidic
aptameitarget binding using dual aptamers (Section 2.Eigure chip that could quantify kanamycin in milk and fish samp#5 Here,
2.5D) resulting in RP.immobilizatiorwithin the microchip(Figure the authors used a structigwitching aptamer hybridized to an RCA
2.18B, top) Colorimetric detection is enabled through theprimer, with the aptamer component tethered to a gold stiiSeation
accumulation of PMBrich RPand the redox conversion of TMB to its 2.1.1, Figure 2.2A) (Figure 2.18E, top). With target atition
colorimetric form Figure 2.18B, middle). In as little as 45 minutes, triggering structureswitching and the subsequent release of the primer,
this colorimetric device @as able tadetectthrombin with an LODof  the authors could remove the stir bar to isolate only the liberated
0.083 pg/mL with only 15 minutes of amplificatiofigure 2.18B,  primers. Addition ofa CT triggered linear RCA by Bst DP and
bottom). Even more impressively, this was achieved with as little as 28belled with SYBR Gold, finally separated by -ohnip capillary
eL of samples or reagents, as eléceophordseshgune 2186, mitde) Byimentionally keeping thes e s s m
real human serum samples. amplification time short at 30 minutes, the authors could track the ratio
of RP to CT for quantification of kanamycin. As more CTs were
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activated for RP generation, the proportion of-fRfand CTs to free detect as low as 0.3 pg per miqure 2.18E, bottorm) with validation
CTs increased and this ratetric relationship could be used toin milk and fish samples.
quantify the small molecule target. In just over one hour, they could
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Figure 2.18. Microfluidic FNA-RCA devices with optical detection methods. (A) A cell culturing microfluidic chip for colorimetric detection of VEGF via
RCA (B) A portable thrombin-detecting microchip for visual detection of RCA-generated hemin/G-quadruplexes. (C) A portable pumpless 3D-printed multiarray
chip for on-site colorimetric detection of Hg?*. (D) A microfluidic aptasensor for simultaneous detecti on of kanamyci n, aedtrhdiol based om
magnetic tripartite DNA assembly nanostructure probes (E) A ratiometric aptasensor for kanamycin using stir-bar assisted sorptive extraction and RCA. Figures
adapted from references cited in text.
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Table2.3. Colorimetricbased soliphase methods.

WILEY-VCH

Surface Type Detection Method RCA Method MRE Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Type
Microchip PMD linear aptamer inhibition RCA Hg?* M 3.3 pg/L many multiple O 1 hr ¥
Microchip PMD linear aptamer inhibition RCA Hg?* (oM 3.4 ug/L many multiple O 1 hr [
microwell plate cDNA (enzyme) linear aptamer structure-switching Hg?* (M 1.6 nM many 37°C O 5 hrs &
microwell plate cDNA (enzyme) linear aptamer structure-switching L. monocytogenes 460 CFU/mL many 37°C O 4 hrs 9
[cM)

glass slide PMD linear aptamer cell fixation MCF-7 M 10 cells/mL many multiple O 2 hrsi
microwell plate cDNA (enzyme) linear aptamer  sandwich (apt/Ab) [PLF] PDGF (M 3.1pM many 37°C O 5 hres B
microwell plate cDNA (enzyme) thrombin-assisted aptamer  sandwich (apt/Ab) [PLF] PDGF (M 31 pM many 37°C O 5 hresBd
Microchip PMD linear aptamer sandwich (apt 2x) thrombin (€M 0.083 pg/mL. many [RT multiple 45 min [240]
microwell plate PMD linear captamer inhibition RCA thrombin 10 aM many multiple O 3 hr g (4
glass slide cDNA (AuNP) linear aptamer inhibition RCA VEGF M 10 fM many 37°C O 3 hre (9
[a] Tabl e F dRY tenates that defedtign was done with real-time monitoring; P! denotes that the assay used a padlock probe ligation reaction; “Mdenot es t hat assay was

denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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Table2.4. Fluorometriebased soligphase methods.

Surface Type Detection Method RCA Method MRE Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Type
Microchip intercalating dye linear aptamer structure-switching 1 7-Bstradiol (E2) [ 6.8 pg/mL many multiple O 1 hr B2
Microchip intercalating dye linear aptamer structure-switching aflatoxin M1 (M 0.95 pg/mL many multiple O 1 hr B2
glass slide cDNA (fluorophore) linear DNAzyme ligase [Pl ATP 10 uM many multiple O 3 hre¢ 04
microwell plate cDNA (fluorophore) linear aptamer sandwich (apt/Ab) cTnl M 14.40 pg/mL many multiple O 8 hr¢ [
Microchip cDNA (fluorophore) linear aptamer  sandwich (apt/dend) (P! E. coli 100 cells/mL many multiple O 5 hre¢ [0
Microchip cDNA (fluorophore) linear aptamer sandwich (MRE to E. coli (M 80 cells/mL many multiple O 3 hr¢ [
capture, FNA to detect)
(PLP]
glass slide cDNA (MB) nicking-assisted aptamer cell fixation (PP EpCAM 100 cells many RT 37 O 2 hre¢ B2
glass slide cDNA (MB) nicking-assisted aptamer cell fixation [P HER2 10 cells many KT 37 O 2 hre B2
Microchip cDNA (fluorophore) linear aptamer sandwich (apt/Ab) IL-8 ™ 0.84 pM many 37 30 min 1327]
Microchip intercalating dye linear aptamer structure-switching kanamycin M 10 pg /mL many multiple O 2 hre¢ B
Microchip intercalating dye linear aptamer structure-switching kanamycin (M 0.32 pg/mL many multiple O 1 hr B2
Microchip cDNA (MB) linear aptamer sandwich (apt x2) MMP [CM] 31.25 ng/mL many multiple 30 min 251
glass slide cDNA (MB) nicking-assisted aptamer cell fixation [Pl MUC1 10 cells many K7 37 O 2 hre B2
glass slide intercalating dye linear aptamer  structure-switching [PLF] PDGF 8 nM many multiple O 4 hre¢ 0
microwell plate cDNA (CuxS) linear aptamer  sandwich (apt/Ab) PtP1 PSA 0.2 ng/mL many multiple O 5 hre¢ B
(thermal)
Microchip cDNA (fluorophore) linear aptamer sandwich (apt x2) [PLPI VEGF [M 10 pg/mL many multiple O 1 hr [328]

[a] Tabl e F d? tenates that defediign was done with real-time monitoring; [P denotes that the assay used a padlock probe ligation reaction; “Mdenot es t hat the assay was tested wi
denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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6.3 Papebased Biosensors are discussed below). Thrombin was incubated with its aptamer for 15
minutes followed by spotting onto cellulose paper containing pululan

Cellulosebased surfaces are an ultosv cost option for point of encapsulated RCA reagents for ariiiute RCA reaction at room
care assays, capitalizing on the natural wicking properties of the PaRShperature. The presence of thrombin prevented the aptamer from
surface to manipulate ligs. Few modern substrates can be S@ging used as a primer to initiate RCAVith this strategyrapid reak
inexpensive so as to accommodate -resource areas and to justify time detection of picomolar levels of thrombimas achievedvithin
their use over the superior technology offered in a lab setting, al ta twostep 30minuteassayboth in solution(100 pM)and @ paper
paper is simultaneous widely available and cheap . Likewise, thgsq pM)without the need for arlyeating,expensive labelling, surte
inherent wickingproperties of paper to transport material from 0N eatment or blocking stepsFigure 2.19B, right).  Here, we
location to another without the need for anytward fluidpumps as is - gemonstratedhat in contrast to QuantiFluor, certain dyes such as
the case with microfluidibased strategies. A summary of the papersygr Gold, can produce significant background fluorescence upon
based methods discussed herein can be found in Table 2.5 binding to cellulose, making them unsuitable f@mperbasedsensor

Kim and coworkers elegantly exploited the immobility of RP in aplatforms.

colorimetric dot blot assay for the sensitive detection of mercuric Rca.pased FNABs have muiie reagents that need to be
(Hg™) ions Figure2.19A, left).%3 The authors applied an inhibition gapiized to ensure their accuracy over time, an important
RCA method using a polyT DNA sequence for mercury capture or aggnsijderation when considering the leilegm storage options for real
primer for RCA (Section 2.2.1Figure 2.2D). After incubation with  org yse. This may be especially true in teesource and remote

Hg*, AuNPLIabeII_ed DNA and thg reagents to.initi"’_‘te RCA wer€ynyironments at room temperatuiThe utility and durability of papers
added. The 30minute RCA reaction was heat inactivated and thg,chy as cellulose and nitrocellulose has made them an attractive

solution was spotted into a nitrocelluloseembrane and dried for 20 platform for a variety of POC biosensd%3329 Our laboratory has

minutes.Typically, the amplicons generated by RCA are so large thoried to expand the applicability of many of our recent biosensors
transporting them across a membrane can be challerggegSection  ihoygh the use printable pullulan bioink as well as pullulan tablets for
2.3.3 on RCA as MRE) whereas Auhtibelled DNA is muwch smaller, storage and application of labile enzymes and subsf#té¥

readily wicking across a testrip. In the absence of RP the smallpyjan, a naturally produced polysaccharide can be used as a simple
AuNP-labelled DNA migrated and dried in a wide spot with elevatedng jnexpensive material for the encapsulation of otherwise labile
concentration in a concentric ring on the outer edge o$ibe Figure  eagentsKigure2.19C, top). Pullulan tablets retain high assay activity
2.19A, top right). WherRP was generated the red color of the AUNP§,; \yeeks with room temperature storage thanks to the entrapment and
was localized in the center of the droplet owing to the inability of thg,mopilization of reagents in a water soluble oxygen impermeable
large RP to migrate. At just 2 hours, this simple P assay enyjronmenf3*93% Challenging assays in particular may benefit from

allowed for the dection of as low as 21.8 nM of Pigin real samples use of pullulan by simplifying the assay procedure and stabilizing
(Figure2.19A, bottom righ}, better than the 30 nM allowable limit for ¢qngitive reagent§igure2.19C, middle)21°332.331 At approximately 1

mercuric ions in drinking water as outlined by the WHO. Though only,gp per 100 tablets, this method is low cost and-ited for use in

the detection step was done on paper, with the recognition afifh geveloping world. Recently, our lab showcased the ability to

amplification steps conducted in solution, the utility of paper fofmmopilize a primer on a nitrocellulose surface and initiate RCA

integrated separation steps is evident as simply spotting the so|ution(p§bure 2.19C, bottom), much like what has been wedtablished on

the nitrocellulose surface was sufficient. magnetic beads or microwell plates. As mentioned in S4, improved

Recently wegeneratedh simpleisothermalRCA-linked FNAB on RCA_ eff|C|er'1cy was Qbslerde owing to'a mo;e;ﬁwdmgg e_:sct

a cellulose surface without the need for any blocking steps orausing an Increase In foca concgntratlons 0 rea nt. €
same report demonstrated detection of surfpeerated RP using a

immobilization of DNAmaterials (Section 2.1.Eigure2.2D) (Figure . . - . ) )
2,198, left)ioU Similar performance between both SYBR Gold andvarlety of methods including the incorporation of radiolabelled dNTPs,
X cDNA tagged to gold nanoparticles, the incorporation of PMDs, and

QuantiFluor dyesvas observeth solution, however QuantiFluor alone 2
was found to be compatible with cellulose, maintaining IOv\;he addition of fluorescently tagged cBN Several of the recent
background fluorescence We exploited this finding to generate apgpelft.)asggml nflfliaazf that ““"Z?‘_j 81R1§A have been
simple pullulancoated papebased RCA assay for the rdahe simplified®.10%112319%3%r longterm stabilizel#***2 through the use
detection of thrombin (the befits of pullulanencapsulated reagents of pullulan encapsulation.
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Figure 2.19. Paper-based devices with optical detection methods. (A) Hg?* colorimetric dot blot assay utilizing AuNP aggregation with FNA-triggered
RP. (B) A simple isothermal RCA-linked FNAB for the fluorometric detection of thrombin. (C) A structure switching aptasensor using pullulan encapsulated RCA-
components. Figures adapted from references cited in text.

G-quadruplex DNAzyme functionality can be incorporaiatb  reagents and assay timingdui et al. reportedone suchpaperbased
paperbasedassaysespecially in FNARCA based assays that can actassay utilizing peroxidasmimicking DNAzymes for colorimetric
to amplify the col ori met rildante deteotidnbobbotis NAgandanbNA taicterinimaskengt ! This puttukart i o n
colleagues reported a pagsased assdy? that utilized acaptamer coated deviceused a bridged paper desigio control sample flow
(Section 2.2.2,Figure 2.6B) for colorimetric detectionvia the (Figure 2.20A, top). Thisassay was the first aptamegulatedITA
peroxidasemimicking DNAzyme PW1#33353%] |n golution, the assay to be accomplished on a paper device. In the first region, the
captamemwas bound to an rGO surface and was released upon bindipgesence of target ivates an aptamer from an rGO surfadsorbed
to the PDGF target. RationBlA design was paramount in this assay,onto nitrocellulose to perform structusgvitching primer release
not only because the CT acted as an aptamer and template for PV&&ction 2.1.1Figure2.2C). TherGO surface acted floas a regulator
generation, but also because the CT showed remarkable resistanceftprimer release, and also protected the aptamer sequences from
nuclease degradation from cell lysates, an important consideration ff@gradation in the tested clinically relevant matrices. Bridging the
POC applicatins. Once this sample was introduced on paper, RCpaper allowed for the controlled flow of free aptamer to an
was initiated by binding of the captamer to a prireecapsulated amplification region whee the aptamer could act as a primer for RCA
within a pullulancoated paper surfacés the CT also contained the initiation. This bridge used the inherent filtering properties of paper as
antisense strand for PW17, the RP was capable of converting TMBtte sample flowed from sample zone to detection zone, an important
colored TMB" for colorimetric detectiorwith a limit of 10 pM for the advantage in assays with complex matrices. It also prevented unclear
protein target. colorimetric readout in the detection zone by preventing mixing with

coloured matrices like stoolColorimetric sensing showed similar

Lateral flow devices (LFDs) are an excellent example of utilizingensitivity to unamplified fluorescent detection for both ATP and
the inherent wicking properties of paper for integrating sequenti@DH] allowing colorimetric detection of the pathogenelyg.For both
steps. Key materials can be immolhizon different sections of the fyorescent and colorimetric detection, the LODs for the ATP sensor

paper and a solution can be wicked across it in a sequential manRgE GDH sensors were 10 UM and 3 nM, respectivElgure 2.20A
LFDs can be used to incorporate separation of unbound AMNR  nigqe). In this case, amplification was essential for equiprfese

without a dedicated washing step. LFDs are a popular test fom’t?étection, but can also be performed more quickly where the
familiar both to regulatgr bodies and the general public due to theequipment is available by omitting the amplification stepthe
popularity of the ahome pregnancy test. This is in part due to theifp stness of each test was verified by using spiked human blood
overall simplicity for the endiser, including their operational samples (ATP)_and spiked stool samples (GD(Higure 2.20A,
simplicity. It should be noted that despite the popularity of AuNPy,om). Where many of the sensors described in this review used
based lagral flow assays, the bulky size of RP can make it difficult fogjther ABTS or TMD as the alorimetric reagent, the authors observed
them to move along the LFD membrane. While there are now sevejgl; compining ABTS and TMB together provided the best balance of
examples of NAbased lateral flow detection with RGR?*! the (o514 color change and maintaining color intensity. This is an
space remains open for FNfased contributions. important consideration for prolonging the measurement window for
accurate analyteugntification. At the POC, personnel may not be
immediately available to record the colorimetric readout within a
narrow Eminute range, with any delay possibly causing invalidation of

Nonetheless, there are several FN#sed examples that
incorporate natural wicking angbaper origami for sequestering
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the assay. By stabilizing the color change for a longer time péhied, peroxide and TMB was added to panel D and colorimetric results were
assay becomes functionally more robust for the uesed. recorded within 1 minute by a digital camera. Here, several reactions
were integrated into a single origami paper strip wipagation of
Another advantage to papeased devices is that creative uses Ofgagents occurring by the inherent wicking properties of the paper
origami can be incorporated for biosensing. 8tial.demonstrated as gy rtace. Though rapid, it is important to note that the PMD reaction is
much in their origami papdrased sensor for E. coli deton% 0 sensitive and quantification efficiency can be adversely impacted
Here, the authors created a fqanel origami sensoiFigure 2.20B, 1y measuring the colorimetric gelt after 5 or 30 minutes instead of
left). Panel A was an absorbent pad, and panel B contained the digd 1 minute recommended by the author.
buffer for cell lysis of E. coli. Panel C contains nanoflowers
functionalized with E. colspecific RCD. A pullulan dation In another example utilizing nanoflowers, Liu et al. created a paper
containing RCA reagents is printed onto panel D. First, cell lysis of Bevice for the detection of toxin B, @ difficile biomarker334 The
coli occurs on panel B and then panels B, C, and D are folded togettgaper device awsisted of a sensing zone separated by a disconnected
The free bacterial intracellular matrix is able to flow vertically througlbridge to a detection regiofigure2.20C, left). The sensing zone had
the cellulose onto panel @here targetlependent cleavage of the NFs containing repeat sespces of hybridized aptamprimer
substrate strand is achieved (Section 2 Bi@ure2.4A). Through the complexes (Section 2.1.Eigure 2.2A). The detection and control
samevertical capillary flow, the cleaved DNA fragment is captured irzones each contained pullulancapsulated RCA rgants, though the
panel D where it is used as the primer for subsequent linear RCA. éantrol zone alone featured a control primer. Upon addition of target
the CT contains the sequence for PKéDmation, the resultant RP can to the sensing zone, liberated primers were wicked with the buffer to
be combined with TMB, hemin, and hydrogen peroxide to generatetlze detection zone using a connecting paper bridge. This dissolved the
colorimetric signal proportional to the E. coli concentration. With thipullulan and triggeredriiear RCA in the test zone proportional to toxin
approach, the authors achieved a detection limit of 100 CFU per nll, and in the control zone independent of toxin B concentration. This
within only 35 mhutes Figure 2.20B, right), and was validated in colorimetric PMD approach provided a detection limit of 600 pM with
juice and milk samples. Impressively, the cell lysis step required onn RCA time of 15 minutes and a total assay time of 40 minutes
3 minutes though washing step®re required prior to initiating the (Figure 2.20C, right). Increasingthe RCA time to 30 minutes
cleavage reaction. Though the cleaved substrate strand required Piigroved the detection limit tefold to 60 pM, and validated in spiked
treatment, the authors simply added the PNK into the pullulan mixtustool samples. As with other PMiased colorimetric detection
thus no additional step was required. Likewise, after approximately 8@thods, fresh TMB and hydrogen peroxide was added and the
minutes of cleavage, PNK treatment, and linear RCA, fresh hydrogesolorimetric ~ result  was  recorded ithin 1  minute.
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Figure 2.20. Paper-based devices with optical detection methods. (A) A bridging paper-based device for colorimetric ATP and GDH detection. (B) An
origami paper-based RCD-sensor for E. coli detection. (C) An aptamer-containing nanoflower device for the colorimetric detection C. difficile. Figures adapted
from references cited in text.
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Table2.5. Paperbased methods.

MRE

Surface Type Detection Method RCA Method Type Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Colorimetric

nitrocellulose PMD linear aptamer  structure-switching (GO) ATP (M 10 uMm 3 rt. O 1 hr 112

cellulose PMD linear DNAzyme RCD E. coli (M 1000 cells / mL many rt. 35 min (342

nitrocellulose PMD linear aptamer  structure-switching (GO) GDH M 3nM 3 r.t. O 1 hr [212]

nitrocellulose cDNA (AuNP) linear aptamer structure-switching Hg?* (oM 22.4nM 3 multiple O 1 hr (233

nitrocellulose PMD linear captamer  structure-switching (GO) PDGF M 100 pM many multiple O 1 hr 114

nitrocellulose PMD linear aptamer structure-switching  toxin B (M 60 pM many rt. 50 min [334]
Fluorometric

cellulose intercalating dye linear aptamer inhibition RCA PDGF 6.8 nM 2 RTl r.t. 45 min [312]

cellulose intercalating dye linear aptamer inhibition RCA thrombin 240 pM 2 [RM rt. 30 min 12

[a] Tabl e F d® tenotes that defedtign was done with real-time monitoring; [P-F1 denotes that the assay used a padlock probe ligation reaction; ' denot es t hat the assay was tested wi:
denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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6.4 Electrochemical Biosensors detection limit of 30 fM for PDGF, which was a t@fld improvement

) ] ~over the RCAfree method tested~{gure2.21A, bottom).
Electrochemical methods rely on consumption or accumulation of

electroactive species at the surface of an electrode, which are typically Rather than incorporating enzymes to generate electroactive
monitored as changes in either current, voltage, or impedance, allowspecies, Zhet al. showed that copper nanoparticles (CuNPs) could be
rapid detection of darget species. Though NAs are generally noformed along electrodeound RP to detect PSA? Interestingly, this
useful electrochemically in solution at moderate voltages, thelectrochemical method was largely predated by fluorometric methods
electrochemical analysis of NAs has long capitalized on their inhereot probing CuNPs, though fluorometric methods were by far less
electrochemical properti¢¥33*4 including those that form G stable, limiting their application for loagrm moritoring. Then, the
quadruplexes and PMD¥® Electrochemical detection of RGA polythymine RP generated in the presence of PSA was used as a
generated DNA is possible using several techni§fét] as template to grow copper nanoparticles fron?Gons and ascorbate
electrochemically active species (often denoted as mediators) candwer 30 minutes. Nitric acid addition dissolves theseirRfobilized
accumulated at electrode surfaces through adsorption or intercalat®aNPs and the resultant €uons deteted using cyclic voltammetry.
with DNA, hybridization of labelled DNA pecies, or generation of One concern with the use of nitric acid is its storage in POC settings.
electroactive DNAzymes. In many cases, the polymeric RP iBhe authors reported an LOD of 0.02 fg/mL for PSA, including in
generated directly at the electrode surface where it can act as a scafédiltical human serum samples. At just over a 5 hour reaction time, the
to attract redox probes for electrochemical RP dete&tiG#®  majority of the asay time was spent forming the sandwich and ligating
Electrochemical assays are most often sphdse assays due to thethe CT (3.5 hrs). These long assay times are typical of ELISAs as
nature of the chemical interactions at the electrode, a solid surfaeesll.

However, it is important to note that electron transfer rates drop

exponetially with distance of the redox mediator from the electrode ~Shenet al. utilized a sandwictassay for the detection of the breast
surface®¥ Thus it is important to ensure thatchuspecies bind in cancer cell MCF7 with an impressive LOD of 1 cell per mand was

close proximity to the electrode surface (within a few nanometerdySed for detection in whole blood samgtéS. Magnetic beadsoated

making it important to avoid generation of very large reaction productéth capture antibodies for EpCAM were used to capture MGd

that extend far from the electrode surf#8. The sensitivity of the @ct as an anchoring point for subsequent addition of a signalling
electrode also warrants coating the surface with blocking agents @Bf@merprimer strand Kigure 2.21B, top). Incorporating a PLP
prevent nonspecific interacti olgalionsgpfofpwed by RCAsthisagsgyliseqmpiyhdale @) s wi

washing steps being a common astgy for maintaining low to generate a quantitative electrochemical current. ®hi hour
background signals. approach had a recayerange of 5077% in spiking experiments of

whole blood with no pretreatment, perhaps demonstrating why this

The balance between assay complexity and sensitivity &lectrochemical assay was chosen for the optically challenging matrix
particularly delicate for electrochemical POC assays becaug€igure2.21B, bottom). The challengeith any sandwich assay is that
instrumentation cannot be avoided. However with carehe capture and signalling probes must bind to different epitopes of the
electrochemical assays can also hesof the most sensitive detection target, or the target must be a polymer (dimer, trimer, etc.) to facilitate
methods that can be paired with ASSURED criteria. Numerous- FNAnultiple binding sites.
based RCA electrochemical biosensors have been developed for
sensitive target detection in real samples, including for human A duakaptamer sandwich assay was demonstrated for the
Serumi6.106.266,286,287,289,316,347, 349,887 plasma3o4 blood!291.348] electrochemical detection of thrombin by Fanal. and detected by
monitoring the accumulation of AuNPs along tiRP (Figure

urine PS8 beverage§38:303:359.360fgodstuffslt?8283 and environmental _ _ _
2681 First, the capture aptamer was immolaitizon the glass

sampled!®*351 Below, we highlight electrochemical methods of RCA221C)!

detection that are best suited for POC testing inflesource settings. €€ctrode by the incorporation of a polyA chain at its end, avoiding
As well. these methods are sumirad inTable 2.6. otherwise expensive or tir@nsuming surface functionalization.

AuNPs have been shown to have a strong binding affinity for
6.4.1 Sandwich assays polyadenosine DNA sequend&g! and the authors also designed the
CT to generate a polyadenosineh RP which provided an anahfor
With the many advantages of aptamers and popularity Q{,Np adsorption onto the R¥53%6 Subsequent electrocatalytic
sandwichtype detection (such as ELISAs, the gold standard in clinicabqy,ction of HO, by the bound AuNPs was meoied using cyclic
diagnostics for detecting and quantifying protein biomarkers), a 'ar%ltammetry to detect thrombin. As this method utilizes the high
portion of the curent generation of FNA with RCA biosensors use inity for polyadenosine to facilitate AuNP binding, RP modification
dual antibody/aptamer interactions (Section 2.Zfgure 2.5D) 0 a5 relatively straightforward and the authors reported a detection

H 84,213,362,363,229,250,255,265,31832%7] i i i .. . . . . .
detect their target; including in - jimit of 35 fM, with demonstratediunctionality in spiked human
electrohiemical sensor8?.289289.291,303,304,316,349359.364] A sandwich  garym.

assay utilizing a PDGF aptamer and RCA was demonstrated as early as
2007 by Zhouet al. using alkaline phosphatase (ALP¥. Here, an Split aptamers can be used when multiple aptamers targeting
anti-PDGF captte antibody and aptamer formed a sandwich compledifferent epitopes are unavailable or if the use of antibodies is not
with PDGF on a gold electrode surface for subsequent PLP ligatipmeferred. Shept al. used a split aptamer for the detection of cocaine
and RCA (Figure 2.21A, top). Biotinjlated cDNA probes and on a goldelectrode Figure 2.21D).5%81 In separateparts, the split
streptavidintagged ALP were complexed and used to convert ascorbéptamer for cocaine is not effective for target binding, however this can
acid 2phosphate into ascorbic acid to reduce silver ions deposited ba an advantageous feature for sandwich formation. Where sandwich
the electrode and monitored by linear sweep voltammetry. As witissays typically separate the capture and signalling steps, the split
ELISA, this approach was lon@ver 5 hours) and required severalaptamer offered thadvantage of combining both steps simultaneously
washing steps and reactants necessitating the immobilization of RPam cocaine capture could only occur when both split aptamers were
an electrode. However, this isothermal g3y method achieved a present. As the authors had incorporated a biotin onto the signalling
split aptamer, they added streptavidin and biotinylated priDier
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dupexes to the sandwich. A complex containing biotinylated cDNApPCAM aptamer as the capture probe and an REmer tethered to

and streptaviditagged alkaline phosphatase annealed to the RBholesterol as the signallingrgbe Eigure 2.21E, left)* As
where the addition of the redox reactive ahpiaghthyl phosphate into cholesterol is known to interact with binding sitécilitated by
solution ultimately led to the detection of as low asriMBof cocaine membrane proteins, cholesterol could interact with the target cell
in buffer and spiked urine samples. This isothermad@3approach surface, thus avoiding the need for a secondary aptamer or antibody.
was completed in under 4 hours despite utilizing some more laborioAfter sandwich formation, RCA occurred on the cholestetiiered
methods for tethering and detecting RCA (anchoring of the primeprimer, generating multiple PMD units The PMDmediated redox

hybridization of an enzyme). reaction of TMB was used to quantify EpCAM positive HT29 cancer
cells with a detection limit of 1 cell per mL in solution and in human
In certain instances, unorthodox MREs can be incorporated inf@,,m Figure 221E right).

the assay. Hashkavagt al. detected EpCAMpositive cells using an
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Figure 2.21. Electrochemical sandwich FNA-RCA assays. (A) Anti-PDGF antibody-aptamer sandwich approach for ALP-enabled detection of RP. (B)
CuNP-reported RCA for ultrasensitive electrochemical detection of PSA. (C) Label-free detection of thrombin using dual-aptamer sandwich MRE and AuNP
growth. (D)Split-aptamer-RCA assay for cocaine detection utilizing ALP cDNA. (E) EpCAM-positive tumor cell detection using a dual signal amplification strategy.
Figures adapted from references cited in text.

6.4.2 Sandwictiree aptamebased assays byproduct PPi can be converted into ATP by adenosiGe 5
phosphosulfate (APS) and ATP sulfurylase, feeding back into the
Moving away from sandwich assays, structswetching aptamers gystem and triggering the release of more cDNA. Afterwards, a
are still canpatible alternatives for electrochemical sensors. In getection DNA probe hybridized to a cadmium sulphate nanoparticle is
seminal example in 2010, Wet al. applied a structurewitching  aqded to bind to the liberated cDNA. Addition of nitricichbreaks

aptamer approach for the detection of PDGF where the struCtUgoyn the nanoparticles, and generates a detectable electrochemical
switching system was combined in one DNA strand such that PDGggnal providing a detection limit of 100 pM of ATP and could

bindingled to a conformation switch exposing a region complementalgccuratmy be used for the estimation of ATP in Ramos cells.
to a ligation probe Figure 2.22A).11261 The authors utilized a

competitive hybridization approach such that upon undergoing this Alternatively, one can simply regulate surfadetherel RCA via an
conformation switch, phi29 DP could elongate the aptamer to formimahibition mechanism as shown by Huaegal. for the detection of
hairpin, blocking the binding site for the ligation probe. Without thiOTA.'*®  Here, a gold electrode was functionalized with capture
binding site, PLP andRgeneration proceed. In the absence of PDGEtrandscomplementary to an RFigure2.22C). Insolution, an OTA

the hairpin is not formed and the ligation strand instead hybridizes wiiptamemwas hybridized to an unligated CT such that subsequent PLP
the aptamer strand, preventing CT formation. PB@&jgered RP was and RCA steps could ligate the CT and permit RCA. However, with
subsequently captured on a gold electrode and methylene blue W@FA present, the ligation failed. In this way, RP was only generated,
added to enhance the electrochemical signal. This approach hacra tethered onto the electrode surface only occurred mbence of
detection limit of 63 pM. OTA. Methylene blue was added to intercalate with the RP and

o enhance the change in surface current. The authors reported a
Guo et al. showcased a structsmtching aptamer assay for the getection limit of 0.065 pg/mL of OTA in just over 2 hours, including

detection of ATP by monitoring the PPi4pyoduct generated during ¢ ,ccessful detection in spiked wine samples ak wel
RCA (Section 2.2.1 Figure 2.5B).%81 Here, the ATP aptamer is

hybridized to a cDNA which is tethered to a magnetic bead. ATP Taghdisiet al offered an interesting approach to converting an
induces cDNA release and the aptamer forms a compitxk ATP  inhibition RCA regulation approach into a tuon assay by using the
(Figure 2.22B). E. coli DNA ligase is used with a primer strand to aptamer sequence as the CT templaBection 2.2.] (Figure
convert the aptamer into a suitable CT for RCA. Amplification2.22D).*%?! Here, a gold electrode is tethered to a ligation strand
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hybridized to an @ati-OTA aptamer at its terminal ends such that theulse wltammetry pushing the LOD below any other previously
aptamer can become the CT using DNA ligasédowever, in the reported method at 3.3 fM.

presence of OTA, the aptamer is liberated from the gold surface, and
no CT can be generated. Here, a ferrocyanide redox agent (E€(CN)
is unable to interact with the gold electrode inhibiting the redofPtical devices, however it occurs rarely in electrochemical
reaction. This leaves the redagent is to interact with the gold @Pplications.  Linet al. showcased a method for the réale
surface and reduction into Fe(GK) With this 4hour method, the electrochemical monitoring of RCA on an electrode for the detection of
authors reported a detection limit of 5 pM working in clean buffer an§PGF With a detection limit of 8.8 pM of PDGfFigure 2.22E,

in spiked grape juice samples. A similar example was reported for A#eP) ™ The regulation method was very similar to the seminal paper
as welll37 for reattime protein monitoring by FN/ARCA by the Ellingtongroup

(Section 2.2.1Figure 2.5A).1%51 Briefly, binding of PDGF to the

The electrochemical response generated by PMDs can be furtltamer causes a conformational tetvj allowing the aptamer to be
enhanced Y the incorporation of additional redox active probes. Qingonverted into a CT through a PLP step. With primers immobilized on
et al.incorporated both ¥D2 and NADH as redox reporters into their sensory surface consisting of amtendeegate fieldeffect transistor
PI?* biosensor which generated PMiBh RP in the presence of the (EGFET) surface with astandard complementary metal oxide
heavy metal ioff®Yl Addition of NADH allowed the acceleration of semiconductor (CMOSensr, a format devoid of complex wiring and
electron trangr to the electrode surface, and the PMDs act as bothamenable to magsanufacturing. PDGHriggered RP is bound to and
hemin mediated ¥D. peroxidase and a NADH oxidase. Thisdetected by this surface due to the changes in surface charge-in real
bienzymetype approach nearly doubled the assay response relativetitne as RP is generatéBigure2.22E, bottom), with theassay yielding
using only HO2 and allowed for monitoring of RP using differential a LOD of 8.8 pM.
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Figure 2.22. Sandwich-free aptamer-based FNA-RCA assays that use electrochemical detection. (A) Structure-switching anti-PDGF aptasensor for
electrochemical detection. (B) An ATP detection and regeneration FNA-RCA assay for electrochemical detection of RP-tethered CdS NPs (C) Inhibition-RCA
aptasensor for the electrochemical detection of OTA. (D) OTA aptasensor using strand-displacement polymerase reaction. (E) PDGF-triggered and
immobilization-free detection on extended-gate field-effect transistor (EGFET)-modified sensor.

used as a model DNAzyme system. The magnetic beads hostétl a Pb
DNAzyme sequence that cleaved its hybridized strand, allowing
multiple cleavage events per bourdNAzyme Figure 2.23A).
Depletionof trans-substrate concentration in solution leaves a binding
region for an unligated CT to hybridize the RCD (Section 2.2.3,
Where sandwich assays require the gradual addition of bindirfggure 2.7C). After a PLP and RCA step, Qlagged cDNA were
agents onto a surface, RCDs catalytically remove protective barrieslded and the unbound washed away. Next, the remaining QDs were
For example, Tangt al. used cadmium sulfide QDNA probes with  dissolved using nitric acid, releasing cadmium ions into solution for

an RCD for the detection of lead (1§¥ The lead (Il) RCD is ftlen  Voltametric detection of lead (llhibuffer as well as in spiked water
samples. This approach achieved a detection limit of 7.8 pM of lead

6.4.3 RNAcleaving DNAzymes as MREs
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(Il) and did not need multiple aptamers nor careful design of a split
aptamer to be developed.

Tanget al. demonstrated that G@xodified hybridizationprobes
could be used for the detection of lead (II) by monitoring RP
generation using a simple pH meter to electrochemically detect the
enzymatic conversion of glucose into gluconic acid through change in
solution acidity (Figure 2.23B, top)[?Y Free GOXDNA probes were
washed away during magnetic bead separation and washing to properly
probe for the immobilization of GOx probes along the RP. Similarly
with other pHmonitoring methods, this approach required magnetic
separation oRP and was resuspended in a-caypacity buffer for pH 2
monitoring. This portable potentiometricPla s say 6s LOD was
nM, operating at room temperature and with spiked water samples. ‘ =
This approach had a sigmoidal response across three orders of
magntude highlighting the sensitivity of the RCD. The authors also

80
60

404 B3

%
»
Conc. obtained by ICP-MS (nM)
L3
%
™

) T = 204 , i ”
determined assay efficacy after 5 months of reagent storagé atith = : N - i:::i.}offsw
the assay retaining 90% activity. The authors verifiedpterformance e . L S 20 40 60 80 100
of the portable reader by comparing signal gem@rarelative to an ; ” il 7 cone eoianedbyprimeter oM
ICP-MS system with good agreemefigure2.23B, bottom). With the ~ <\ %

growing availability of portable readers, their integration into
electrochemical strategies can significantly improve its application at
the POC.

Figure 2.23. RCD-RCA assays that use electrochemical detection.
(A) Electrochemical aptasensor based on Pb?*-DNAzyme cleavagei triggered

. . . . .~ RCA and quantum dot-tagging. (B) Carbon fiber microelectrode (CFME)
Caiet al designed an electrochemical device that used a modifie@iection of a dual Pb**-DNAzyme assistant feedback amplification strategy.

micropipette tip to aid in their detection 8f?* (Figure 2.23C).1%  (C) Magnetic bead-bound Pb**-DNAzyme-RCA assay using pH sensing.
They used a wasealed carbon fiber miselectrode (CFME) to Figures adapted from references from text.
sample the solution and pmbthe changing redox environment

instigated by targetecognition and RCA. DudDNAzyme feedback
amplification was pioneered in this work, using two RCA
amplifications simultaneously. This method differentiates itself from

DFA by incorporating a second Cib participate in tandem RCA
amplification. Both CTs contain an antisenseq@druplex region.

However, the CT1 contains the sequence for thi&@ ®NAzyme (PB

DNAzyme), and CT2 contains the antisense sequence for the GR
5DNAzyme (another P DNAzyme). A third substrate as a pre

primer, was prevented in participating in RCA through protection from

pol ymerase on t kpemer3én biechtd eitheT@8TT s pr e
because it contains a-@uadruplex, but only CT1 houses an active

Pl?* DNAzyme thatcan cleave the substrate upon?Pbinding.

Cleavage by CT1 and PNK treatment leaves the liberated primer to be
extended complementary to CT2, producing RP containing alternating

units of GR5DNAzyme and Gyuadruplex regions. This careful

design allows forfeedback between these two tandem amplifications,

not only producing many DNAzymes but also manyq@&druplex

structures. Changes in diffusion were observed with the accumulation

of RP and increasing intercalation of free methylene blue in solution

with the Gquadruplexrich RP. This method is completely
immobilizationfree, which is relatively rare for electrochemical assays
especially. Local river samples were analyzed using both this
electrochemical device and atomic absorption spectrometry, finding

good agreement between the two methods for fre& Bbthe river

water. The CFME showed good electrochemical performance and had

a renewable electrode surface for multiple uses.
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Surface Type Detection Method RCA Method MRE Regulation Method Target LOD # Steps Temperature Assay Time Ref.
Type
solution (mag bead) intercalating dye enzyme-assisted aptamer  structure-switching P-F1 adenosine M 0.032 nM many multiple O 8 h [347]
surface (microwell plate) PMD linear aptamer  sandwich (apt/Ab) [PLF] aflatoxin M1 M 0.15 ng/mL. many multiple O 6 h (359
surface (gold electrode) PMD linear aptamer  structure-switching PPl amyloid b oligomers M 39 fg/mL many 37°C O 5 h [356]
surface intercalating dye linear aptamer  structure-switching [P-F] ATP (M 320 pM many multiple O 8 h [370]
solution dNTP monitoring enzyme-assisted aptamer  structure-switching [P-F] ATP (M 100 pM many multiple O 4 h 72
surface (gold electrode) cDNA (AuNP) linear aptamer sandwich (apt 2x) [P-FI CEA 6.7 pg/mL many multiple O 6 h 1353]
surface (glassy carbon intercalating dye linear aptamer  sandwich (apt/Ab) [PLF] CEA M 0.05 pg/mL many multiple O 3 h 289]
electrode)
solution G-quad dye linear aptamer inhibition RCA [FLF] CEA M 2.6 fg/mL many multiple O 5 h (286]
surface (gold electrode) cDNA (enzyme) linear aptamer  sandwich (split aptamer) cocaine M 1.3nM many 37°C O 3 h [358]
surface (electrode) G-quad dye linear aptamer  structure-switching P-"1 C-reactive protein M 16 fM many multiple O 4 h [355]
surface (gold electrode) PMD linear aptamer sandwich (apt/Ab) E. coli [ 8 cfu / mL many 37°C O 4 h (303]
solution PMD linear aptamer sandwich (apt/Ab) gastric cancer exosome M 954 exosomes/mL many multiple O 4 h [304]
surface (glassy carbon G-quad dye linear aptamer  structure-switching P-"1 Hg?* [eM 0.684 pM many multiple O 8 h [284]
electrode)
surface (gold electrode) PMD linear aptamer sandwich (1x apt, 1x HT29 (EpCAM) M 1 cell /mL many multiple O 5 h 13671
cholesterol probe)
surface (gold electrode)  cDNA (AuNP, CuNP) linear aptamer sandwich (apt 2x) [P-F1 LPS M 4.8 fg/imL many multiple 4 h [354]
surface (glassy carbon PMD linear captamer structure-switching LPS 0.07 fg/mL many 37°C 3 h [144]
electrode)
surface (electrode) cDNA (enzyme) linear aptamer  structure-switching P-"1 maltathion (M 0.68 pg/mL many multiple 4 h 1873
surface (electrode) intercalating dye linear aptamer  sandwich (apt/Ab) [PLF] MCF-7 (cancer cell) (M 1 cell /mL many multiple O 5 h (291]
surface (gold electrode) GO@Fe304@Pt for linear aptamer sandwich (apt/Ab) MPT64 [CM] 0.34 fg/mL many 37°C O 3 h [374]
peroxidase activity
solution PMD enzyme-assisted aptamer  structure-switching P-"1 MUC1 M 0.71 fg/mL many multiple O 7 h [305]
solution G-quad dye enzyme-assisted aptamer inhibition RCA [PLF] NF-s B pgHlo 3pM many multiple O 3 h 287
surface (gold electrode) G-quad dye linear aptamer structure-switching NF-s B g5 8.3fM many multiple O 4 h [352]
surface (gold electrode) intercalating dye linear aptamer inhibition RCA [PLP] OTA M 0.065 ppt many multiple O 2 h 1138]
surface (gold electrode) intercalating dye hyperbranched aptamer  structure-switching P-"! OTA M 0.02 pg/mL many multiple O 8 h [228]
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surface (gold electrode) Fe(CN)e®7+) linear aptamer inhibition RCA [Pl OTA M 5pM many multiple O 4 ¢ B9
solution cDNA (QD) linear DNAzyme RCD [PLFl Ph?* (M 7.8 pM many multiple o 3 ¢ 149
solution (mag bead) cDNA (enzyme) enzyme-assisted DNAzyme RCD [PLPI Pp?* M 0.91nM many rt. o 4 ¢ 126y
solution G-quad dye DFA DNAzyme RCD Ph?* (M 48 fM many multiple o 2 ¢ 1194
surface (glassy carbon PMD linear DNAzyme RCD [PLFl Ph?* (M 3.3fM many multiple 0 5 ¢ 3ol
electrode)
surface (gold electrode) non-intercalator linear DNAzyme RCD Ph?* (M 290 M many multiple o 4 ¢ BT
surface (gold electrode) cDNA (enzyme) linear aptamer  sandwich (apt/Ab) PP PDGF (M 10 fM many 37°C 0 5 ¢ 1o
surface (gold electrode) intercalating dye linear aptamer  structure-switching [P PDGF 63 pM many multiple 0 5 ¢ 1120
surface (gold electrode) intercalating dye hyperbranched aptamer  structure-switching (P! PDGF 1.6 fmol/L many multiple o 2 ¢ 189
surface cDNA (DNA) linear aptamer  structure-switching (PP PDGF (M 8.8 pM many &7 multiple o 3 ¢ B
surface cDNA (AuNP, CuNP) linear aptamer  sandwich (apt/Ab) [PLF] PSA M 20 ag/mL many multiple 0 5 ¢ 1349
solution PMD linear aptamer  sandwich (apt/Ab) PtP1 PSA M 16.3 pg/ML many 37°C o 7 ¢ 1364
surface (screen printed G-quad dye linear aptamer inhibition RCA PSAl 22.3fM many not reported o 8 ¢ 1289
glass electrode) (methylene blue)
surface (gold electrode) methylene blue enzyme-assisted aptamer structure-switching S. aureus [M 9 CFU/mL many multiple 0 5 ¢ 128g
surface (gold electrode) cDNA (enzyme) linear aptamer structure-switching S. typhimurium M 19498 cfu/mL many 37°C o 4 ¢ 59
surface (gold electrode) intercalating dye hyperbranched aptamer  structure-switching [P-"1 thrombin (M 1.2 aM many multiple o 7 ¢ 12m
surface (glassy carbon intercalating dye linear aptamer structure-switching thrombin (M 34.6 fM many 37°C o 8 ¢ 108
electrode)
surface (gold electrode) cDNA (AuNP) linear aptamer  sandwich (apt x2) P71 thrombin (M 35 fM many multiple O 6 ¢ [0
surface (gold electrode) cDNA (enzyme) linear aptamer  structure-switching [Pl thrombin (M 35.3fM many multiple o 7 ¢ 1258
surface (gold electrode) cDNA (AuNP) linear aptamer sandwich (apt/Ab) V. parahaemolyticus M 2 cfu/mL many multiple o 3 ¢ 8
[a] Tabl e F dR8 denotes that detiedtidn was done with real-time monitoring; [P denotes that the assay used a padlock probe ligation reaction; ™ denot es t hat the assay was tested

assay that required 4 or more steps; r.t. denotes that room temperature was used.
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As noted above, there are an abundance of methods available for
primer regulation, using either aptamers or DNAzymes as MREs.
Fewer methods exist to modulate the CT, and some of these, such as
) . ) B use of DNAzymeigases or DNAzyme kinases, have relatively limited

A pgtable theme V_V'th NABS_'She |n.ter.changeab|.l|ty Of, the utility.  In addition, methods that modulate the CT often require
recognition, and detection strategies. T_h's IS "’_ﬂs,o evident 'n'R;%dditionaI components, such as ligase enzymes, or require multiple
base.d. FNABS as the Qumber Of_ possible variations of regql"’u'c’geparation or washing steps, which are challenging to integrate into
amplification, and detection strategies can be overwhelmiligre is simple POC devices. Even so, through careful design it is possible to

no _dO_Ubt that RCA is thmost prolific ITA methoq. Every week, Qew design homogeneous assays using either aptamers or DNAzymes as
variations of FNAbased RCA methods are published, representing ﬁREs, and modulation of primer or CT availability to initiate RCA.
much as 50% of all FNAased ITA methodsF{gure 2.24). The

flexibility is a massive boon for rationally designing the most 7.2 Amplification Methods

appropriate RCA assay. However, it is because there are so many

choices that it is especially important to be thorough and strategic in Luckily, any shortcomings iregulation strategies (such kisding
deciding on the individual componts, especially as differelROC affinities) can be mitigated with appropriate amplification strategies.
applications may have unique characteristics and demands that m¥kaen the application demands particularly sensitive detecti®®CA&
certain strategies more practical than others. This is particularly triRehniquescanimprove LODs by several orders of magnitude. This
with paperbased biosensing, which comes with a host of advantagéan be prticularly pertinentwhen handling complex media such as
under the rightconditions. As such, it is imperative that the assa)plood or stool samples which necessitate several dilutions. However, if

requirements are well understood such that the best combinations Eifically relevant or actionable amounts of analyte asily
be selected. accessiblg or the sample inherently has minimal interfergntaen

careful optimization of the CT combined with linear RCA may be
sufficient. For instancean ERCA method may provide a working

7. Summary and Future Outlook

150 I [TA + FNA 78 dynamic range for early detection of disease progression, but linear

§ : ?E’:;’e'r::’: %) _ ¥ RCA may be better suited for later stages of diseaseitoring when
g 100 Y et 50 §% the analyte is more abundant. Further, the equipment limitations of the
5 ,|_._'§" POC setting must be considered. In a laboratory setting where high
t 504 Los 3 5 quality optical readers are abundant, linear RCA can provide sufficient
- V.E RP for detection. In lowesource settings relying only on the human

ol g eye, ERCA may be required to make the assay readout more

q,@Q @“& @Qh '193% q?@ ’&,\u {19.3, q?,\u Ws\a '19@ @H& definitive.

Publication Year 7.3 RCA Detection Outputs

Though the ASSURED criteria promotes POC assays that are
Figure 2.24. Frequency of publications mentioning RCA and FNAs accessible in lowesource areas with limited expertise dan
compared to the frequency of publications mentioning any ITA method and  jqirymentation, the selection of a colorimetric, fluorometric, or
zg‘tiAnfaf:dp:;s\é\;egnotfhzcr:ixsa th Sutgltiiggg:gb:sr gff quu:;c;}tg)onzslfn 2028 \vas electrochemical approach is ultimately governed by the resources and
requirements of the enaser. Colorimetric assays can be interpreted
7.1 Regulation of RCA by FNAs by eye, making them a popular choice for detectiespite often

) . . . ... _requirin itional washin r handlin A lorimetri
The first step in selecting the optimal molecular recognltlonequ g additional washing or handling steps. As colorimetric

. . : methods are fundamentally less sensitive than their fluorometric
strategy is determining whether to regulate the prim&Tfor RCA. y . L . .
. 8 counterparts, they are best suited for applications where there is a high
If real samples contain a substantial number of exonucleases K run dance of RP or where semianttative answers are sufficient
potential interferents, regulating the CT would allow owetake I '

. . .. Optical readers may improve assay sensitivity, aachriological
advantage of the exonuclease resistance properties accredited to Yy 1mp y y 9

. ; 4 . ? vances have made access to miniature and portable optical readers
captamers. Conversely, if the sample matrices are relatively simple . ) . . . o
|n(érea5|ngly affordablespecially with the increasing ubiquity of cell

integrating a linear aptamer may be most effective as the pool of testq10nes which can besed as optical devic88 Where fluorometric

captamers remains limited. Another funtntal consideration is cost P : ) . L
L ) . readers are available, the assays benefit from increased sensitivity and
limitations.  Incorporating rGO can be a powerful alternative to_ . o . ;

can incorporate redime monitoring of RP generation or fluorogenic

structureswitching aptamers with the added benefit of providingmulti lexing. In the absence ofianificant sample handlina and
nuclease resistance however the high batch to batch variability ma P g o P 9

. . L 108 . . preparation steps, media such as blood and faecal matter can be
complicate its applicationsof low-resourcd!®®l Likewise, some e . . . . .
o o . . difficult to monitor optically due to their opacity. Electrochemical
tripartite  structureswitching designs may necessitate DNA

. o . . strgtegies ovide an avenue for handling complex samples while
functionalizationt o pr ot ect f reronucleaserdggst®rc | 1. 1-C. ? . .
maintaining ultrasensitivassay performance with the caveat that these

by phi29 DP. Even the final sensitivity of the assay can be greatl . L . . ) ",
affected by the recagnition Strategyilised. Strategies utilizing tar e%':,ays often require additional washing or handling steps in addition to

binding to inhibit RCA provide a particularly straightforwaadsay eadgrs tq allow for complex med@ analysi!;lnmat.ely, careful
platformbut can limit@sensitivity downstream due to practical onsideration of the optimal detection strategy is essential for

limitations of inhibitory assays. Using structigwitching aptamers developng POC devices and can significantly - decrease assay

can be a doubledged sword as though many creative strategies exié:t(?mpleX|ty.
poor design of the structumawitching aptamercan hamstring its Whereas the strategies in Chapter$ aimed to guide readers in
apparent binding affinity. their considerations for biosensor development, Chapter 5 detailed

numerous seminal works and recent publications in thetites that
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use these strategies to great eff@dtoughthese assays mashare symptoms present. f@ical biosensors may reduce the burden on
many similaritiesor core schematic componentsey differgreatlyin ~ healthcare infrastructure ideally offering fast and accurate results at the
assay time, sensitivities, anease of use. Colorimetric detection POC to guide the appropriate prescription of drugs, reducing frequency
methods are perhaps the most tfsendly POC detection methods for and duration of clinic visits, as well as decreasing the workfafad
diagnostic tests as it is possible to directly visualize color changes tmedical staffl378381 Perhaps most importantly, assays should strive to
eye, avoiding the need for an external reader device. Thoughal i date their assaysb6 proficienc:
colorimetric detection is generally less sensitive than eithdrecause espite their utility, many of the RCA methods remain
fluorometric or electrocheital methods, its integration with ITA untestedwith real samplesspecifically = To our benefit, creative
techniques is usually sufficient to allow detection limits in the lowvadvancements in converting linear RCA inteREA gives hope that
picomolar or even femtomolar range. Fluorometric methods requiresame sample matrix challenges can be overcome with sample dilution
reader to detect a signal, however, there have been many exampled signal recovery with amplification.

using eithersmartphones or affordable portable fluorescence readers

for detection, making such assays more amenable to use in low VWhile there is an applitan, time and place for both laboratery
resource setting®42% While electrochemical detection also requiresbased assays and POC biosensors, there is increasing interest in
a reader, there are many portable and inexpensive electrochemligfensors that compete with conventional gty laboratory
readers that are compatible with the ASSURED criteria, includinE?Sting- As well, reaction temperatures are equally critical. As phi29
widely available devices such as the glucose ni8hile many DP is effectiwely able to operate at room temperature, it is pertinent to
electrocherital methods require longer operation times than othefSure that other steps are equally compatible at the same temperature.
optical strategies, their incredible sensitivity and strengths withortunately, solutions exist for equipmeree heating elements that
handling optically complex sample matrices makes them serio@&® compatible with POC devic€®¥! These tools can help serve as a
contenders for POC applications. As demonstrated, assay time carfBEPromise as we work toward truly isothermal senso@n-site

greatly shortened by incorporating alternative assay designs whigipsensors for environmental assessment are especiséful in
could improve its application at the POC. remote areas with the importance of monitoring water quality an

ongoing pursuit. To this end,i& desirable to move POC assays from
To emphasize the importance of decentralizing these assays freolution onto paper platforms as they are robust, cheap, and easy to

the laboratory, we discuss assays that incorporate solution and sofitbre and transport. Ideally, pajEsel assays should provide a
phase desigrihat may be more easily performed at the POC. Solutiomprocedurally simple, usdriendly, and interpretable test. Despite the
phase assays, whether homogeneous or heterogeneous, mayy advantages, adopting R®Ased strategies to pagmased
incorporate some amount of liquid manipulation and washing steptetection can be challengingThough there are several pajpased
Heterogeneous assays move beyond just the solution phase R¥A-linked FNAB examples avable, the vast majority are
incorporate partiglate solids, often for MRE immobilization and performed in papebased wells. At this stage, a renewed focus should
washing. Solutiorphase assays that minimize user interaction, such ag on the incorporation of lateral flow strategies to take full advantage
those denoted as opet, act to minimize this concern central toof the inherent wicking properties of paper for sample handling.

solutionrbased POC analysis. Sclithase biosensors and bioassays ] ) ) )
like those performed in microwell plates, microfluidic chips, or paper We believe thabptical detection methods, especially those that

based devices use the solid interface to manipulate the assay solutife €asy to interpret retime results, will make future RGhased
Microfluidic devices and papdrased devices demonstrate that beyondNABS competitive on a global scale. For assay readouts, colorimetric
acting as solid supports for MRE, the solid suefaman be used to Methods  such as  heminkiadruplex  peroxidaseimicking

direct and manipulate flow and enable sequentiafl@rice processes PNAzymes ae commonly used to achieve nakeye detection.
independent of user input. However the peroxidasmimicking reaction requires stringent buffer

conditions making reaime monitoring challenging. We look forward
7.4. Future Outlook to increased innovation in this portion of the field, including
incorpoamtion of realtime colorimetric sensingnethods While there
Using FNAbased strategies for regulating RCA can yield flexibleyre fewer examples of colorimetric detection strategies, there are
and tunable platforms for biosensing. Thoutile antibog-antigen merous examples of retine fluorogenic detection strategies for
interaction continues to constitute the most popular mechanism gta Though portable fluorescent readers are becomingdsitrgly
biorecognition for many biological assays, Mased alternatives t0 preyqient, the simplicity of a test that can be interpreted by the naked
traditional antibodybased diagnostics systems have garnered interea;e should not be understated. As an exampleireal colorimetric
in part becausef their expanded toolboxf analytes, as well as monitoring has already been demonstrated for LAMRed NABs
advantages with synthesis and hand#rig’® Further, as this review using crystal violet as an intercalatingedi?®®4 As DNA probe
has highlighted, the incorporation of RCA adds a powerful method fer , n ct i onali zati on can otherwise co

ultrasensitive detection afumerousanalytes beyond NAsWith the  cost  migration of alterive reattime colorimetric monitoring

emergence of RCAinked biosensing in the lat80s, wehave seen  (ochniques of NAs to RCA applications alongside other discoveries
over thirty years of advancements in techniques across all stages of t§gq significantly minimize the costs of optical probes.
assay process. Though true POC examples remain limited, great

strides have been made towards this goal. Here we discuss some of thelTo our knowledge, there are currently no commercially available
ongoing challenges facing thdiagnostics field, how RCAinked RCA biosensors,dnce theres clearly a need to producergiler and
FNABs can help overcome them and highlight areas we hope to daster RCA assays with reaforld applications The advent of the
advance. COVID-19 pandemic has put into hypeicus the need for rapid and
reliable POC testing particularly for early diseatate monitoring.
A global interest in early diseaseate biosensing in preventative Thjs crisishas led to an enormous surge of innovation and novel ideas
healthcare measures grows in the 21st centiifyThese applications 54 e are optimistic that these efforts will propel the field of sensitive

may require extremely sensitive sensing methods as analytes offg§c FNABs forward. We are confident that advancements in-RCA
exist at low concentrations at early stages of disease before clinical
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linked FNABs do not necessitate reinventions of the whaeelrdther

finding the right vehicle to hitch our templates to.

DNAzymes APOC biosensors A i sot her mal
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CHAPTER 3 | EXPERIMENTAL

3.1. Materials.

DNA Oligonucleotides.All DNA oligonucleotides were obtained from Integrated DNA
Technologies (IDT; Coralville, IA). All sequences are shawable 3.1. The&8-nt substrate
strand (FS28) contains a chimeric riboadenosine nucleotide (rA) that is positioned between a
fluores@in-dT (F) and dabacydT(Q). All sequences were purified by 10% dPAGBEV&irea)

before use. Concentrations of all purified oligonucleotides were confirmed spectroscopically.

Enzymes and chemical&4 polynucleotide kinase (PNK; with 10x reaction bu#dr T4
DNA ligase (with 10x T4 DNA ligase buffer), phi29 DNA polymerase (with 10x phi29 DNA
pol ymerase buffer), FastDigest Taql, deoxyr.i
polyethylene glycol (PEG) 4000, adenosingriphosphate (ATP) solutiori,0 000x SYBR Gold
DNA stain, and GeneRulerE 1 kb Plus DNA | add
(USA). All other reagents were purchased from Bioshop Canada or from-3igimeh without
further purification, analytical grade, and used as diredtéater was purified with a MiliQ

Synthesis A10 water purification system and subsequently autoclaved.

3.2 Bacterial Strains and Growth Conditions

Bacterial cells. Helicobacter pylori(J99) (HP), Escherichia coli O157:H7 (EC),
Clostridium difficile(CD), Bacillus subtilis(BS), Listeria monocytogend&M), and Salmonella
serovar typhimuriun{ST) are routinely maintained in our lab (originally from ATCC). Bacteria

for selectivity assays were prepared in the original Waakd stored a20 °C until used.

Preparation of Crude Extracellular Mixtures (CEM$). pylori CEMs were prepared as

follows. Individual culture tubes were used to grow the bacteria in 3 mL autoclaved tryptic soy
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broth (TSB) with continuous shakingat87C and 250 rpm. Where speci |
blood, human blood, or human serum was adatetthie beginning of incubatiokVhile 2% v/v
sheepbébs blood was wused in the original pr oc e
targetproducing bacterial cultureAfter centrifugation at 11,000 g for 5 minutes at room
temperaturgthe cells wee separated from the supernatant using a 0.2 micron molecular size

filter, aliquoted into microcentrifuge tubes (100 pL) and store@@fC until use.

Quantification of Cell CountH. pylori (J99) was grown in individual culture tubes in 3
mL tryptic oy broth (TSB) including 2% sheep blood with continuous shaking at 37 °C and 250
rpm. This solution was then serially diluted with TSB. THe®', and §' tenfold dilutions (100
puL) were spread in tryptic soy agar (TSA) plates, performed in tripliCEte. plates were
incubated at 37 °C for 18 h and the colonies were counted. From these values, the original cell

concentration of the culture was determined.

3.3 DNA Modifications

DNAzyme LigationThe substrate sequence (FS28) was finsisphorylated as follows in
a total volume of 100 elL: 1 nmol l i near oligo
U T4 polynucleotide kinase (PNK) in a 1x PNK buffer A (50 mM FHi< | pH 7.6 at 2
mM MgClz, 5 mM DDT, 0.1 mM spermidine).hE solution was heated at 3Z for 45 minutes,
then heated at 90C for 5 minutes. A ligation template oligonucleotide (1.1 nmol) and the
evolved DNAzyme sequence (Dhp3t4, 1 nmol) were added to the solution, heatetiCtdd®0
one minute, and allowed toool to room temperature. The phosphorylated sequences were
circularized in a volume of 300 €L containing

T4 DNA Ligase Buffer (400 mM TrigiCl, 100 mM MgC$, 100 mM DDT, 5 mM ATP, pH 7.8
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at 25°C). The solutiorwas incubated at room temperature for 2 hours. DNA circles were then

purified by dPAGE and stored &0 °C until use.

Circular DNA Ligation. Linear single stranded DNA (ssDNA) sequences were first
phosphoryl ated as f ol | owmollinear oigonuabedtidd, 15¢ ronblu me o
adenosine 506triphosphat e, 20 U T4 polynucl eot
Tris-HCI, pH 7.6 at 25C, 10 mM MgC}, 5 mM DDT, 0.1 mM spermidine). The solution was
heated at 37C for 45 minutes, then heateat 90°C for 5 minutes. A ligation template
oligonucleotide (1.1 nmol) was added to the solution, heated toC9for one minute, and
all owed to cool . The phosphoryl ated sequence
containing: 30 ¢ DNARIBaSe} b @ 0x, T4 BNA LigaseTBaffer (400 mM
Tris-HCI, 100 mM MgCs, 100 mM DDT, 5 mM ATP, pH 7.8 at 2%). The solution was
incubated at room temperature for 2 hours. DNA circles were then ethanol precipitated, purified

by dPAGE and another ethanmkcipitation, and stored €0 °C until use.

Catenane LigationThe ssDNA sequence fdCTii.r was first phosphorylated and ligated
as described above, and subsequently purified by dPAGE. Next, the ssDNA sequélite for
was phosphorylated as above andulvated at a 1:1 ratio wit@Tii.r and a ligation template
oligonucl eoti de. The phosphoryl ated sequence
containing: 30 ¢eL PEG4000O0, 30 U T4 DNA Ligas:¢
Tris-HCI, 100 mM MgC4, 100 mM DDT, 5 mM ATP, pH 7.8 at 2%). The solution was
incubated at room temperature for 2 hours. The resultant catenane was then ethanol precipitated,

purified by dPAGE and another ethanol precipitation, and storé&® &€ until use.

Gel analysis Agarose, dPAGE, and nPAGE gels were all visualized on aRB@®

Chemidoc Imaging system and quantified with using ImageLab software and ImageJ processing.
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For dPAGE gels where noted, SYBR Gold staining occurred in a 200 mL 0.5x SYBR Gold
solution for 15 mintes and rinsed witpurified MilliQ water at least three times before imaging.

For agarose gels, imaging was performed using 0.5x Gel Red gel for imaging.

3.4Gel andMicroplate-Based Assays and Analysis

Kinetic fluorescence experiments in solufiddCD-substrate. Microplate fluorescent
analysis was all performed using a Tecan Spark M1000 plate ratzateexcitation wavelength
of 506 nm andemission wavelength of 52@m in 96well plates at 25C unless otherwise
specified. Baseline fluorescence was dateed by measuring fluorescencelaninute intervals
for threeminutes unless otherwise specified. All fluorescence measurements are reported as F/F
or ~Fo for a comparison to the original wonkhere F is the final fluorescence intensity and F

is theinitial fluorescent intensity prior to the addition of #@plification reaction.

DNAzyme Cleavageis-RCDs 3 pL of the CEM was mixed with 5 pL of 2x SB and 1
ML (5 UM stock) of the DNAzyme and diluted to 10 pL. The reaction mixture was incubated at
room temperature for 30 min unless otherwise |
was added and incubated at°®7 for 30 minutesThis reaction was quenched by adding 10 pL

of 2x GLB, and then subjected to 10% dPAGE analysis.

DNAzyme Cleavageatenane3 uL of the CEM was mixed with 5 pL of 2x SB pL (1
MM stock) of the DNAzymeand 1uL (50 uM stock) of thetransDNAzyme to a fnal volume
of 10 pL. The reaction mixture was incubated at room temperature for 30 min unless otherwise
| i sted. Where specified, 1 uL of ®MNK30(10 U/
minutes.This reaction was quenched by adding 10 pL of 2x GLRI #hen subjected to 10%

dPAGE analysis.
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Kinetic Fluorescence Experimentglé&ctivity TestsTo compare DNAzyme activity with
other potential contaminant bacterial species, 10 yL of this CEM was mixed with 25 pL 2x
selection buffer (SB) and diluted to 40.. Fluorimetric measurements were taken with the
following parameters: shaken férseconds prior to insertion, excitation 506 nm, emission 556
nm, reading from the bottom, gain 150, signal acquisition every minute for a 5 minute duration.
After, 10 uL L puM stock) of the noted DNAzyme was added to the wells and monitored

fluorometrically every minute for 60 minutes. This data was processed using Microsoft Excel.

RCA ReactionProotof-ConceptA 20 €L solution containing
oligonucleotide and 1 pmol of primer was heated to°’@0for one minute and allowed to cool for
15 minutes. To t hi Buffes forl phi29iDblA Rolyrberafe 2 L 50 & L1 ANT |
(100 mM) , and 1.0 eL phi29 DNA pol ymeefs#®se ( 1

eL. This was incubated at ambient room temper

RCD-SubstrateRCA Initiation Reaction 3 pL of the CEM was mixed with 5 pL of 2x
SB and 1 pL (5 puM stock) of the DNAzyme and diluted to 10 pL. The reaction mixture was
incubated at room temperature for 30 min unless otherwise listed. Where specified, 1 uL of PNK
(10 U/ eL) was adde foan30dninutesThis astadddd tad readtign
mixture containingl pmol ofthe denoted CT5 . 0 ¢ L Bufier for pld20DNA Polymerase
2.5 €L dNTPs (100 mM), and 1.0 eL phi 29 DNA i
vol ume o fWhebeOkineticL fluorescence was monitored, this final volume had a
concentration of SYBR Gold of 0.5Xhis reactionincubated at ambient room temperature for

the specified time

Kinetic fluorescence experiments in solufidRCA detection with intercalating dyes

Microplate fluorescent analysis was all performed using a Tecan Spark M1000 plateateader
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excitation wavelength of506 nm and522 nm for emissionn 96-well plates at 25C unless
otherwise specified. Baseline fluorescence was determined by measuring fluorescénce at
minute intervals fothreeminutes unless otherwise specified. All fluorescence measutsraee
reported as Fg~where F is the final fluorescence intensity andid-the initial fluorescent

intensity prior to the addition of tremplification reaction.
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Table 3.1. Nucleic acid sequences used in this work.

Iteration

Label

Sequenee3fpo

Catenane Design

CTi

Template for rolling circle amplification. Gis produced via circularization using €T as the temglte.

Linear CT CGCGGCGCCC TTTCTTTCTG ACTACCTAGG ATACTTGACT GATTTCTTC
GCTTCTGTCC ACGAATCAG

CT-LT GCGCCGCGCT GATTCG

CTii-r

Template for DNAzyme cleavage and subsequent creation of a rolling circle amplification primer.
Linear CTir is produced by ligating GFS to CTExt using CTLT1 as the template, then circularizing using;CT2 as the

template to produce Gk

FS

CTATGAACTG ACQRFGACCT CACTACCAAG

CTiExt TCTCTCTCTC TCTCTCTCTC AGAAATCAGT CAAGTATCCT AGGTTCTCT(Q
TCTCTCTCTC TCTC

CTiLT1 AGAGAGAGAT CTTGATCG

CTiLT2 AGGAAGAGTG AGAGAGAG

RCA Primer i CTG ATT CGT GGA CAG AAG

RCA Primer ii GAG ACT TGG TAG TGAGGT

Original

Cis-DNAzyme

Forward cissDNAzyme

The linear DNAzyme is produced via ligation of FS28 to DHp3t4(idT) using FEDZs the template.

Ligated ForwarctisDNAzyme

CTATGAACTG ACQRFGACCTCA CTACCAAGAT GCCATCGATG
GTCTTTGGTA TGTGGGGTCGSAGGGTAGAG CTCTGAACTCG /3InvdT/

FS28 CTATGAACTG ACQRFGACCTCA CTACCAAG

DHp3t4(idT) ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
TCG /3InvdT/

FSDZLT CATCGATGGC ATCTTGGTAGTG AG

CT-Forward

Template for rolling circlamplification. CFforward is produced via circularization using-@rward-LT as the template.

CT-forward TGTGATGCGA TTGCCCGAAA AAGACAGTAG GTACTCATTA GGATCCTGTT|
TGTAATCAGT TCCTTTTGAG CTAAGACGGC GTC

CT-forward-LT AACAGGATCC TAATGAGTACC

RCA Primer

RCA Monomer

GACGCCGTCT TAGCTCAAA AGGAACTGAT TACAAACAGG ATCCTAATGA
GTACCTACTG TCTTTTTCGG GCAATCGCAT CACA
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Reverse

ReversecissDNAzyme

The linear DNAzyme is produced via ligation of DHp3t4 to FS28(idT) using DIZF&s thetemplate.

cisDNAzyme ReversecisDNAzyme ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
TCGCTATGAA CTGAQRFGA CCTCACTACC AAG /3InvdT/
FS28 (idT) CTATGAACTG ACQRFGACCTCA CTACCAAG /3InvdT/
DHp3t4 ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
TCG
DZFSLT AGTTCATAGC GAGTTCAG
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
LrgClv -1nt(3") TCGCTATGAA CTGA
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTARGCTCTGAAC
LrgClv -2nt(3") TCGCTATGAA CTG
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
LrgClv -3nt(3") TCGCTATGAACT
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
LrgClv -4nt(3") TCGCTATGAAC
ATGCCATCGA TGGTCTTTGGTATGTGGGGT CCGAGGGTAG AGCTCTGAAQ
LrgClv -5nt(3") TCGCTATGAA
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
LrgClv -6nt(3") TCGCTATGA
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA
LrgClv -7nt(3") TCGCTATG
ATGCCATCGA TGGTCTTTGG TATGTGGGGT CCGAGGGTAG AGCTCTGAA(
LrgClv -8nt(3") TCGCTAT
RCA CT-Reverse
Template for rolling circle amplification. GReverse is produced via circularization usingi@VerselL T as the template.
CT1 ATCTCGACTA GTCAGCACAC CCAAAGACCA TCGATGGCATAACTACCACA
ATACTACAAC
CT2 ATCTCGACTA GTCAGCACAC ACATACCAAA GACCATCGAT AACTACCACA
ATACTACAAC
CT3 ATCTCGACTA GTCAGCACAC ACCCCACATA CCAAAGACCA AACTACCACA
ATACTACAAC
CT4 ATCTCGACTA GTCAGCACAC CTCGGACCCC ACATACCAAA AACTACCACA
ATACTACAAC
CT5 ATCTCGACTA GTCAGCACAC CTACCCTCGG ACCCCACATA AACTACCACA
ATACTACAAC
CT6 ATCTCGACTA GTCAGCACAC GAGCTCTACC CTCGGACCCC AACTACCACHA
ATACTACAAC
CT7 ATCTCGACTA GTCAGCACAC GTTCAGAGCT CTACCCTCGG AACTACCACA
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ATACTACAAC

CT8 ATCTCGACTA GTCAGCACAC AGCGAGTTCA GAGCTCTACC AACTACCACA
ATACTACAAC

CT9 ATCTCGACTA GTCAGCACAC TTCATAGCGA GTTCAGAGCT AACTACCACA
ATACTACAAC

CT10 ATCTCGACTA GTCAGCACAC GTCAGTTCAT AGCGAGTTCA AACTACCACA
ATACTACAAC

CT-LT TAGTCGAGAT GTTGTAGTAT

Q = dabcydT; R = adenineibonucleotide; F = Fluorescenhl
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CHAPTER 4 | RESULTS AND DISCUSSION

4.15 &ubstrateRCD-inverteddT-3 &rimer Release

The first RCD primerelease strategy was based ondhginal DHp3t4 cissDNAzyme

reported in 2019] which featuredacisRCD wi t h

the FS28 fluorgenic

terminus of the DNAzymé¢ 5SaibstrateRCD-inverteddT-3 Gsee Table 3.1 andigure 4.1A).

Forhi s wor k,

t bieeRCDB was madified byfaddindham inverted dT unit to prevent

amplification or digestion by phi29 DB. As shown in Figure.1B, targettriggered cleavage is

expected to liberate a small quenclarelled strand from the larg®CD strand, accompanied

an i ncrease of

by

complementary CT and thus act as a primer for RCA.

f 1l uor e s-deavagedragmentl tb binditonag t

he

As a first step toward developing the amplification systam83nt CT was designed
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Figure 4.1 A) The mfold web server for computational molecular biology was used to

the secondary

s t rSubsttateRCB-mvereeddT-8 @ p WICDh b B)

Schematic of targdtiggeredcis-RCD cleavage leading to amplification of a CTIWRCA.
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sweh that the resulting RP would contain repeats of a Taql restriction site that would allow for
RP monomerization, allowing for detection afonomeric units as opposed to the large

polymeric RP, and helping to further confirm production of the expecteddétPHgurel.2A).

To determine if the primer produced from RCD cleavage could induce amplification, the
CT was incubated with 1 pmol of a syntheticrBODNA primer sequence that was identical to
that expected to be released from the RCD, and which wbs domplementary to the
recognition region of the CT (yellow section in Figdt&B). Using agarose gel electrophoresis,
the reaction products were observed at various RCA reaction times up to 60 min, and clearly
showed an increasingly intense band atekgected high molecular weight region of the RCA
product, which should be several thousand nucleotides in leRggré 4.2A). Successful
amplification was further conformed by using Taql to digest the large RP to produce shorter
digestion products. Ashown inFigure 4.2B, dPAGE of thedigestion products produced the
expected ladder pattern with each band representing one or more repeats (dimer, trimer, etc.) of
the original 83 nt output sequence, camfing the presence of the restriction sites in the RP.
Overall, these results indigathat the primer was readily amplified when the complementary CT

was present, indicating that the primer released by the RCD should be able to initiate RCA.
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Figure 4.2. Proof of concept amplification using a basicr83CT; sequence given ifable3.1
A) A basic schematic depicting polymeric RP and its Tagl monomesipgigtalent B) Agaros
gel analysis of polymeric RP generated using 1 pmol primer with 1 pmol CT. C) dPA
analysis of the same RP digested with Tagl for 15 minutes.

We next aimed to confirm that the RCD cleavage product could act as a primerXor RC
while the intact RCD would not produce any amplification. The initial assay utilized NaOH to
cleave the RCD, which produced the two expected cleavage fragments, as visualized by SYBR
Gold staining of a dPAGE gel (Figu4e3B, marker lane) showed the egpel band for the short
primer along with the larger cleavage fragment for the remaining RCD. Note that the intact
RCD as well as the longer cleavage fragment can also be visualized directly by monitoring the
fluoresceindT, although the shorter cleavalgagment that acts as the primer has no fluorophore
attached and thus can only be visualized by staining. RCA experiments using the intact RCD
demonstrated that the full sequence was unable to initiate RCA, as expected (sed.Bgure
below). On the ottr hand, the shorter cleavage fragment generated by NaOH derived cleavage
was able to initiate RCA, indicating that the system should be able to produce clesatvaigel

RCA with minimal background.
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We then examined the ability to produce the shortvelga fragment using cleavage of
the RCD withH. pylori CEM, as monitored using dPAGE with imaging of the fluorescein label
in the RCD. As shown ifrigure4.3A the HP CEM resulted in timdependent cleavage, which
resulted in an increase in the intensity of the cleavage band associated with the larger
fluoresceinlabelled product. In this case the smaller primer fragment could not be visualized
owing to he lack of a fluorescein label. We also note that rather than having a single cleavage
band, the RCD produced two closely spaced bands in theogsistent with the presence of two
cleavage products, likely attributable to cleavage at thelinkage @& well as cleavage-2
nucl eoti des to t-lnlage.5 & orden tb visudlize tthe emallter umlabelled
cleavage fragment, the dPAGE gel was stained with SYBR Gold. However, as sheéguaren
4.3B, there was no band present at the expected location of this cleavage fragment (see marker
lane), and instead there was a tidependent increase in a band at the bottom of the gel that was
indicative of monomeric nucleotides, which would be produced by digestion of the shorter
cleavage fragment. We confirmed that the intact RCD would not produce RP whereas-a NaOH
liberated primer could irFigure 4.3C, leading us to conclude that an absence of RP could

indicate the absence of generated primer in the reaction mixture.

To confirm that the digestion of the short cleavage fragment, we used geh dlu
sequester and concentrate any cleavage product within the expected region of the dPAGE
cleavage band, as well as for lower regions of the gel that could contain shorter fragmients
labelled these A& (where A would contain the fuléngth cleavag fragment and E would
contain fragments smaller than-faf). In each case, the total material from ten cleavage
reactions was pooled and concentrated and a CT completely complementary to the shorter
cleavage product was incubated with this concentraikdien along with phi29 DP to initiate

RCA. In several trials, a PNK step was also added to account for the possibility that the cleavage
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Figure 4.3. A) Target-triggered cleavage of 2.5 pmol of the origired-RCD incubated with 3
pL of undilutedH. pylori CEM as measured over several periods of time. dPAGE gel imac
indicaties where the larger, fluorescent taitggigered cleavage product is easily visualized
fluorescence imaging. B) Targétiggered cleavage of 2.5 pmol of the origineRCD
incubated with 3 pL of undiluteH. pylori CEM after 30 and 66minutes. dPAGE gel imagin¢
indicates where the small, nfilnorescent targetriggered cleavage produstvisualized with
SYBR Gold staining. C) Fluorescence detection of RP generated over 60 minutes using
complementary primer, intact RCD, and Na®©ldaved RCD (2.5 pmol each) and CT (1pma

product mi g ht c-eyclic phosghatet Eltimattely) thése experdr@ndicated

that theno fragment on the dPAGE gel was ablériggeramplification Figure4.4A), implying

that there was no cleavage fragment longer thatrtimmal length of ént required to initiate
RCA® This further supports the hypothesis that the shorter cleavagliqy was digested
completely by nucleases endogenous to the CElufe 4.4B). We suspect that the liberated
primer with a freesdadéptiebIme ntuc -edvioupléasts resentsb y
in the HP CEMi we note that the larger cleavage fragment remains intact owing to the presence
of t he dfl¥ We rote that hée was a faint band present at the expected location of

the shorter cleavage fragment after 30 min of digestion, which was completely absent after 60
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the label, lane A would contain RCA reaction initiated by thgdapotential fragments anc

would contain RP initiated by nucleic acids <0 B) Schematic of the suspected dige:
process that prevented RCA initiation.

minutes Figure 4.3B). Hence, it is possibléhat a 30minute cleavage reaction might reduce
overall digestion and allow for priming of the RGAaction, though a shorter digestion time
produced less initial cleavage product, and thus would likely affect sensitivity of assays using

this prinmer.

In summary, theiss-RCD primerrelease strategy was initially pursued as it allowed use
of the original RCD sequence reported in 2019. However, while the RCD was clearly able to be
cleaved by the HP CEM, the resulting short cleavage fragment thabwasused as the primer
for RCA was found to be digested by nucleases that were endogenous to the HP CEM, with

current evidence supporting the presence of
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result, this MRE design was abandoned in pursusinoélternative strategy designed specifically

to avoid the possibility of primer digestion.

4.2 transRCD Catenane Primer Release

The second strategy explored for RCD primer release was basedabenaed design
initially reportedby Liu et al. involving the use of a topologically constrainted nanostructure
consisting of two interlocked ssDNA ringBigure4.5).11] In this strategy, the one circle acts as
the normal circular template for RCA (denoted as)CwWhile the second is a circularized
sequence containing the substrate for the RCD, including the fluorophore and quencher flanking
a single ribonucleotide (detenl as CT.r). By circularizing the substrate and producing a strong
region of hybridization with the CT, the cleavage of thedibo n k age wi | | produce
that can only be digested up to the point where the hybridization with the CT begiisclat
point RCA can be initiated by phi29 Df.For the HP DNAzyme systema 24bp
complementary duplewas used to interlocthe two rings which is expected tprevent RCA
from proceeding alongither CT The long complementary region alpeevents both GTand
CTii-r from rotating independent of each other by interlocking and hybridizing the circular
ssDNAstrandsThe wuse of a circular substrate al so r¢

digestion of CF-r.

We synthesized a catenamwbereinCT; was the amplificatin template, which was &
long and contained a 2% binding region identical to that of the CT used in the original report
on the use of catenated circles. A complementargt24gion was inserted into the sequence of
CTir, along with the substrateequence for the DHp3tBNAzyme (Figure 4.5A).115 In
addition, two spacer regions were inserted between the substrate and the linking regions to

reduce strain on Glr. The expected reaction is showrFigure4.5B. Here, atransversion of
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Figure 4.5. A) Sequences of the interlocked nanostructuretears-RCD as detailed ifable
3.1: fluoresceindT; Q: dabcydT; R: adenosine ribonucleotide. B) Schematic of tamgggerec
transRCD catenane cleavage leading to amplification with the CT.

target

the RCD acts upon the catenated cirular substrate, cleaving the a&The embedded ribo
linkage, and producing icrease in emission intensityye t o dequenching.
terminus of the cleaved substrate is then digested by phi29 DP (and possibly endogenous
exonucleases in the HP CEM) up to the point where the strong interlocking region begins. At
this point the remaining sequence @mtementary to CT and thus can be amplified by phi29

DP to produce RCA reaction products.
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We first investigated whether it was possible to form the catenated structure with the two
circles, and whether this structure could be cleaved byamsform of the original cis-
DNAzyme. To confirm that a catenane nanostrudbae been formed, a dPAGE (8M urea) was
performed to investigate the ssSDNA species after ligation and gel purificktiguré 4.6A).

Lanes 14 contain reference bands for individual NA species (lineay €&Tularized CT, linear

CTii-r, circularized C¥r). The catenane species in lane 5 migrated through the BRfEG

much moreslowly during electrophoresis, suggesting that the larger catenane structure had been
formed. If the ssDNA rings had not been interlocked, dPAGE analysis would have revealed two
circularized products. To further confirm that ligation had yielded the adlezd nanostructure,

we used hydrolytic cleavage of the ribonucleotide unit to determine the expected cleavage
products. If the correct catenane structure was indeed formed, this would yield a linearized
substrate strand (linear €&) and circularized GT | ncubati on at 90 eC fo
solution (0.25M NaOH) was expected to hydrolytically cleave the ribonucleotide unit, resulting

in two nucleic acid species. In comparing these new cleavage strands to the reference bands in
lanes 14, they weradentified as circulaCT; and linearized Cilr . This indicated that synthesis
successfully yielded the ssDNA nanostructure, and that thdimikege in the Cir could be

cleaved to linearize the substate strand.
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To prove that the interaction between the two ssDNA rings acts to mechanically lock
them and prevent spurious amplification, we first confirmed that each ssDNA ring could act as a
template for amplificatiomdependentlyKigure4.6B). To do so, we designed two-h6 primers
(P1 and P2) where each primer was 100% complementary to one of the two catenane circles (CT
and CTir, respectively). While CTis the only sDNA ring that acts as a template for
amplification in the assay design, the circular nature gfsdfdicates that it is possible it could
also act as a template for RP generation. We confirmed that the amplifitamplate CT
amplified as expected. However, {d'showed no ability to generate RP, presumably owing to
the presence of the ribonucleotide within the DNA sequence and/or the presence of the

fluorophore and quenchéefo confirm this hypothesis, an idgcal alFDNA CT; was used as a

; - L|Egr?r' Q-d‘ A F
‘ N@ . = &
S
Linear =

Figure 4.6. A) dPAGE visualization of synthesis reagents and RNA cleavage products. S
of the topologically constrained nanostructure proceeded by circularizing, Gdllowed by
circularization of C¥. The five leftnost lanes include the individual components both linee
and circularized. The two rightmost lanes show the resultant bands from ribonucleotide ¢
linearized CT.r and circular CT B) Agarose detection of RP from CTCTir, (1 pmol
respectively) and the catenane using P1 and P2 as primers (1 pmol). Lane L, 1 kb+ ladc
Limited RCA capabilities of the ribonucleotid®ntaining circle (Cilr). Lane L, 1 kb+ ladde
Lane X, CTi RP (no ribonucleotide). Lane R, €& (with ribonucleotide).
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template, and could be easdynplified Figure4.6B(inset)). The catenated structure, denoted as
rD2C, was also inwgigated as a template for RCA. A small amount of amplification could be
seen with rD2C, suggesting that a small amount afn@ly remain uncatenated, and can thus
contribute to the overall background signal. It may also be possible that phi29&liNAerase

can read through the interlocked region as it extends P1, because the primer is entirely and

exclusively complementary to a region of the CT opposite tHepAaterlocking region.

Following thecharacterization of the catenanted substrate, exé evaluated the ability
of the transRCD to cleave the circularized substrate. In this case,trivesRCD was
redesigned (see Table 3.1) to contain a terminal sequence that could hybridize-Rov@Ta
14-nt nucleotide region. Unfortunately, ttransRCD was not able to effectively cleave (&l
during incubation with HP CEMHgure4.7A). dPAGE analysis revealed that incubation failed
to releaseCT; and that no new fluorescent species corresponding to a linearized form-ef CT
could be detected to indicate the cleavage aof#£Th order to account for possible interference
resuting from ring strain in the catenated substratetréms-RCD was also used in conjuction
with the uncomplexed GTr. However, théransRCD showed poor cleavage performance even
with the free circularized substrate, when an equal amount of the free circle was incubated with
target Figure 4.7B). These results indicate that theanssRCD may not be abl& access the
ribonucleodide linkage in the Gk substrate, either due to a sterically strained ssDNA inducing
a conformation change that blocked the cleavage site, or possibly insufficient hybridization of
thetransRCD to CTi-r owing to the relative short 1dt hybridization region. As expected, the
lack of a cleavage producte also resulted innaibilty to obtain any amplification when using
targettriggered cleavage of the catenane spedigufe 4.7C). To improve this DNAzyme
performance, it is likelyhat either a larger GTr with longer unstructured regions joining the

substate and interlocking regions, or a longer hybridization reapicche RCD, or both, may be
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needed achieve cleavage with thenssRCD. However, it is also possible that substata
engineering of the RCD and substrate sequences may be needed to avoid secondary structures,

particularly stems in the RCD, that might prevent operation of the RCD tratissform.
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Figure 4.7. A) SYBR Gold staineetdPAGE gel depicting various incubation conditions for t
transsystem. Note that the concentration oftiiaas-RCD (50 pmol in a 50 pL reaction

volume) is 50x the concentration of the catenane species (1 pmol), as per the originé)pe
SYBR Gold stainediPAGE gel comparing the cleavage performance of freerC3 pmol) C)
Agarose detection of RP from RP generated usinga@d the assembled catenane (5 pmol,
respectively). SYBR Gold staining was used to visualize the RP with fluorescence scanr

4.3 5 ®RCD-Substratenverted dT3 &rimer Release
In the final approach to develop a printetease strategy using thke pylori RCD, we
opted torevert to the originatis-form of the RCD but taeverse the ordesf the substrate and

catalytic unitsand thusutilize the larger cleavage product as a prifvéhile the originalRCD

had the substrate sequenicated to thes 6 @&f thelRCD ( 5S@ubstrateRCD-inverteddT-3 6 |,

81



denoted asubstrate RCD), the new design hatthe catalytic regiorat the ®  eohtltk overall
sequence, | i gated t o t lwastefninated nith amifvertedhdd atgsu b st r
3 0 e fRED-SQubsstiateinverted dF3 6, d e RGDtsabstratd, s shown irFigure 4.&\.

In this configuration, the cleavage should result in a short cleavage product with an inverted dT

at the 36 end that cannot i ni ti at ebindRtG An and
( 83 13 % \
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Figure 4.8. A) The mfold web server for computational molecular biology was used to p
the secondary structures of the fio@R C D -$ubsfrateRCD-inverteddT-3 6 ) wi t h
gis. B) Schematic of targétiggeredcis-RCD cleavage leading to amplification with the CT.

appropriateCT to initiate RCA, as shown irigure 4.8.

The use of the longer primer, coupled with the possibility of a bound target, was expected
to reduce the rate of digestion by endogenous nucleases in the HP CEM, facilitating initiation of
RCA. However, itis also possible that using the RCD as the primer may require that the target

can be displaced from the RCD to allow polymerization to proceed, though this will depend on
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the specific region of the RCD primer that binds to the CT, where binding of the€&8F t the

30 end may avoid the need to displace the tar

To our knowledge, this is the first time&-DNAzyme has been reorganized to move the
substrate sequence to the opposite end relative to the sequence derivéxd fBFhEX process
and subsequently been used to trigger RBANce, the first objective was to determihéhe
reorganizedcis-RCD could still produce cleavage products in the presence of HP CEM, and
whether the cleavage reaction retained similar sergitiwid selectivity for HP CEM. As shown
in Figure 4.9 the SYBR Gold stained dPAGE gel clearly indicated that addition®€EQ/mL
of HP CEM led to a time dependent cleavage of the RCD to produce a long cleavage product,
along with increasedmounts ofhorter digestion products at longer reaction times, confirming
both that cleavage activity was retained, and that the digestion of thebB&&ld primer was

much slower than was observed for the short primer liberated by the original RCD.

Time (minutes)
0O 10 20 30 40 50 60

L3

e bt el bl beed beed A — & intact final RCD

’

large, non-flucrescent fragment
03

r cleaved final RCD
e H - e — A

» .o

”

Figure 4.9. Stained dPAGE images of targeiggered RCD cleavage over time, highligh
the appearance of smaller oligonucleotides in the reaction mixture that increase in
over time. Cleavage flowed the procedure noted in the experimental.
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A comparison of the cleavage rates for the rearranged RCD relative to the original RCD
indicated that the rearranged RCD cleaved at a ratem#s similar to the originally selecte-
DNAzyme, and hence would be expected to demonstrate a similar sensitivity. Thus, the data
clearly show that it is possible to reverse the order of the RCD and substratis-[DNAzyme
and retain cleavage adty, providingthe ability to generate different primer outputs that can be
evaluated for initiation of RCA. Evaluation of the selectivity of the cleavage rea&tiguaré
4.10) revealed that the reversed RCD alsairetd selectivity against several gram positive and

gram negative bacteria, similar to the origicigtRCD.

4.5 +¢-‘+
+"‘+
E o =H. pylori
L 35 + H. pylori
— * +F .
® ++.,.-> \ 108 E. coli
3] ra E. coli
c o
8 25 o C. difficile
o o C. difficile
(4] o .
‘6 15 ##q-“ B. subtilis
= : o B. subtilis
L s L. monocytogenes
05 L. monocytogenes
' S.typh
0 10 20 30 40 50 60 yphimurium
. . S. typhimurium
Time (min)

Figure 4.10. Analysis of cleavage specificity by monitoring réiate fluorescence aft
bacterial CEM incubation using the final, reorganized-RCD. In this assay, HP
Helicobacter pylorj EC =Escherichia coliO157:H7, CD =Clostridium difficile BS =Bacillus
subtilis, LM = Listeria mono.(Insert) Sensitivity data from the original paper following
identical procedure.

As noted above, the originaubstrateRCD DNAzyme was observed to produce two
cleavage fragments, suggesting that cleavage could occur both at thekalge and at a DNA
junction upstream of the ribinkage to produce a shorter fragment. To determine if this
behaviour was retained for theareangedRCD-substrate DNAzyme, thecleavage products

obtained from NaOH cleavage (which should cleave solely at thdimikege) were compared to
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those obtained with HP CEM, with cleavage fragments visualized using SYBR Gold staining.

As shown inFigure4.11A, the RCD primer strand obtained using HP CEM was in fact several
nucleotides shorter in length than was obtained using NaOH cleavage, indicating that a series of
36 termini mi ght be pdPAGEugel &igured.11B) revealegl thatthe r e s o |
expected 65t cleavage fragment (left lane) was in fact not present in the HP CEM cleavage
product, while both a 68t and 66nt cleavage fragment were produced, with then6lagment

being the prominent fragment within the series of bands. Such-DNA cleavage hadveen

reported previously for the Cu(ll) dependent DNIgaving DNAzyme (CuDD¥! but ha not

been previously reported for a bactesgecific DNAzyme. Such a cleavage product may not
include a 2636cyclic phosphate on the 306 term
of RCA, as discussed in more detail below. More importatiteyremoval of the 5 NA from the

3 erminus requires that the CT be designed to

binding of the primer to the CT.
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Figure 4.11. A) Comparing the cleavageodes of the forward and reverse DNAzymes. L
labelled with NaOH have undergone digestion to cleave at the ribonucleotide unit
concentrations of RCD (2.5 pmol) and undiluted CEM (3 pL) were used in each expe
B) dPAGE visualization of vanus cleavage bands for the reverse DNAzyme. The lane le
Ladder contains eight sequences ranging frorh 64 nt.

4.4 Rolling Circle Amplification

The use of the RCD as a primer for RCA requires that two main issues be addressed.
First, the CTmust be able to compete effectively with the target for binding with the cleaved
RCD, as target binding has previously been shown to inhibit RCA when using aptamers as
primers® Secondly, the rate of digestion of the cleaved product by endogenous nucleases in the
CEM must be slow enough to allow the cleavage fragment to bind to the CT to initiate RCA.
For both of these reasons, the specific binding region between the cleavage fragment and CT
must be carefully optimizedFor this reason, we evaluated a series of @rdemplates that all
had 20nt complementary regions to thelease primer, but that bound at different regions in the

cleavage fragment each separated byt,5as shown inFigure 4.1A. Here, the cleavage
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fragment | s id@mdawn r iethe dchematibsaowsla series of CTs designed to
bind from the 50wherehéh26Cdnbdboundnfaasésom t
that phi 29 DP would digest the 36 overhang an
should avoid ay issues with partial digestion of the gmemer by endogenous nucleases in the

HP CEM figure 4.1B).

Severaladditional factors wereonsideedin designing the CT to maximize amplification
efficiency. First, aCT size of 681t was chosen as itsi sufficiently short to maximize
amplification while containing an odd number of helical tiaths to maximize straii! Second,
sequence composition was skewed to contain more adenosine and cytosine nuaite®E
% adenosine and cytosjnieased on th work byMao et alll Finally, as noted above, several
CTs were complementary to internal sequences of the primer, which may be expected to aid in

effectively displacing the bound target so that RCA was not inhibited.

A total of 10 CT sequences that veecomplementary to distinct 20-nt portionof the
cleavage produatere evaluated both for their ability to bind to the cleavage product and their
ability to initiate RCA. Figure 4.12\ showsdPAGE gels that were used to assess the formation
of a complexbetween the CT and the cleavage product. Interestingly, binding of the CT to either
of the terminal ends seemed to be inhibited, as both-CM3 and CT7-CT10 showeda
substantial amount of fredeavage produdand only very faint bands that would corresgdo
at complex, indicating that the CT was not able to form a pfl@ieduplex in these caseBhis
may bedue tothe presence afecondary structuria the primer, which prevented binding of the
CTLCT3, or digestion of t héindhgof CTECTNMO.n@nsthewh i ¢ h
other hand, CT4 and CT5 do not result in a significant amount of free cleavage product, and the

band associated with the free CT is shifted upward, providing evidence for complex formation.
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It is also noted that CFCT3 al® displayed and upward shift in the CT band, wHigkly
indicates that the CTs with binding regions t

for this amplification assay.

To finalize CT selection, we compared the RGénerated RP of the teBTs during
targettriggered cleavage for a defined period of time (1 hour), with the RP being detected by
binding of the SYBR Gold intercalating dye. The RCA ddtawn inFigure 4.1B reveals two
key trends. First, a trend of increasing RP productios etserved going from CT1 to CT5, with
CT5 generating the highest signal of any of the CTs. This roughly follows thedibsedved in
the formation of the Cprimer complex, and may indicate that CTs that bind closer to the centre
of the primer are bettesble to compete with and thus displace the target from the primer.
Second, the CTs all contain binding regions
is also the region that does not participate in subséteded annealing. Second, GTd10 all
produced low levels of RP, save for CT9 which showed high variance between amplification
experiments. This trend suggests that CTs th
initiate RCA either owing to digestion of the binding region ormeability of the CT to displace
the bound target, both of which will lead to an inability to generate-pridier complex. Based

on these results CT5 was selected as the circular template for the remaining RCA experiments.
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Following CT optimization several experiments were done to further optimize the

performance of targdtiggered amplification reaction. These included i) incorporating-a 45
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Figure 4.12. A) Native PAGE visualization of interaction between the large tasigetve(
DNAzyme fragment (from 1 pmol intact RCD) and the ten (10) CT variants (2.5 pmol). The
box indicates where the freeealvage product that acts as a primer appears when unboun
CT. B) Fluorescence response RP generated using ten (10) circular templates (5 pmol),
using SYBR Gold.) indicates a TSB blank, (+) indicates T-8Bsed CEM.
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second 90°C heating step to aid in displacement of the bound target and arvetalgen the

cleavage product and complementary CT, followed by room temperature RCA; #nari@e
incubation with 1 OL 10 U/ PNEKl at PpBHRAEpHh ot
terminus, which couldnhibit RCA; iii) a combination of these twsteps; or, iv) no post

cleavage steps. As shownhimgure 4.13, no additional postleavage steps were required to

obtain efficient amplification, indicating that the CT was able to displace any bound target, and
further indicating that at least some&d ct i on of the cl eavage-produc
cyclic phosphate that could prevents amplification, supported by the presence of the shorter
cleavage products observed in FigdrEl. The ability to obtain amplification without additional
processing steps makes the assay more straightforward and reduces user steps and the potential

for user error.

Figure 4.18 compareshe performance of equal amounts of a synthetintafrimer and
targetcleaved RCDs, along with a control using the uncleaR€dD. As expected, the free
primer produced the highest rate of amplification, while the cleavage product showed slower
amplification and the uncleaved RCD produced very little amplification. The lower rate for the
cleavage product relative to the free p me r i's |ikely due to the
terminus prior to initiation of the RCA reaction, and possibly also the need to displace any bound
target, which would be expected to retard the RCA reaction. Even so, the cleavage product
clearly prodeed significant amounts of reaction product, while the intact RCD does not, leading

to a useful platform for HP detection using the reversed RCD.

Finally, we evaluated the concentration dependence of RCA using CT5 as a template. As
shown inFigure 4.1€, the assay provides a detection limit of at least CFUmL using a 40

min cleavage time followed by a 50 min amplification time, for a total assay time of 90 minutes.
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These results are not competitive with previously reported RCA based assays for,balstetia
typically demonstrated LOD values of 11000 cfu/mL (though many of these used significantly
longer amplification times), and in fact is on par with the unamplified fluorescence assay using
the original HP RCD. Additional work will be required further evaluate and optimized the
RCA reaction, and incorporation of an exponential RCA method may be required to further

decease the LOD.

Figure 4.13. Fluorescence measurements of CT5 RP accumulatsamg SYBR Gold. A
Comparing the impact of pesteavage treatment on RCA performance aftem@utes. B
Realttime kinetic fluorescence data for the amplification reaction (1 pmol CT5, 2.5 mol
This data compares the performance of equal concemsabf free primer (2.5 pmol, oranc
RCD incubated with CEM (gray), and RCD incubated with TSB (yellow). C)-fReal kinetic
fluorescence data indicating the increase in fluorescence duringtidgggeted RCD cleavage
pmol).

A further point tonote is that we observed highly variable cleavage activity from
different cultures of HP, which could also be a key factor impacting the LOD of the RCA
reaction shown above. Bacterial culturing experiments used to generateritdrgeEM

indicatedthat surprisingly, not every culturing procedure and resultant CEM could be used
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