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ABSTRACT 

The work described in this dissertation focuses on developing simple 

yet effective assays integrating nucleic acid (NA) aptamers with rolling circle 

amplification (RCA) for the detection of non-NA biomarkers.  The first 

project, a comprehensive literature review, highlights the current state of the 

art in functional NA-based RCA applications, and identifies shortcomings in 

the detection of non-NA targets with RCA.  Biosensor design is critically 

evaluated from four key perspectives: regulation, efficiency, and detection 

of RCA, and the integration of all three components for point of care (POC) 

applications.  The second project investigates how target-binding to a linear 

aptamer can be utilized to regulate RCA in a simple and inexpensive format.  

Phi29 DNA polymerase (DP) exhibits difficulty processing DNA strands that 

are bound to non-NA materials such as proteins.  The work uses this 

restriction of phi29 DP as a feature by utilizing protein-binding aptamers as 

primer strands (aptaprimers) for RCA.  The simplicity is showcased by 

adapting the method to a cellulose paper-based device for the real-time 

detection and quantification of PDGF or thrombin within minutes.  As the 

second project is a turn-off sensor, the third project exploits the inherent 3’-

exonuclease activity of phi29 DP to generate a simple turn-on assay 

instead.  As target-bound aptamers were shown to be resistant to 

exonuclease activity, the phi29 DP preferentially digests target-free 

aptaprimers instead of target-bound aptaprimers.  The target-bound 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

iv 
 

aptaprimer could be liberated by a circular template (CT) by incorporating 

toehold-mediated strand displacement (TMSD), and used for RCA.   

Sensitivity was improved relative to project two, though the dynamic range 

was narrow owing to difficulty liberating target-bound aptaprimer at high 

target concentrations.  Project four instead used RecJ, which has 5’-

exonuclease activity, to modulate aptaprimer availability. Similarly to project 

three, target-binding conferred protection on the aptaprimer from 5’-

exonuclease digestion by RecJ.  By including a free 3’ terminus on the 

aptaprimer, inhibition of RCA due to target binding was avoided and CT-

mediated TMSD was not needed, simplifying the assay.  As well, this 

approach was generalizable as it was demonstrated using both a protein 

(thrombin) and a small molecule (ochratoxin A) target.  This turn-on method 

further improved the assay compared to project three with a 100-fold 

enhancement in sensitivity and a restoration of the dynamic range.  In sum, 

this work contributed multiple simple and sensitive approaches for the real-

time fluorescent detection of proteins and small molecules with the RCA of 

linear aptamers. 
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contained cellulose well holding pullulan-encapsulated RCA 
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nPAGE analysis showing the presence of aptaprimer (AP), circular 
template (CT), AP-CT duplex and aptamer-target (AP-T) complex 
with and without PDGF using a circular template containing a: (C12) 
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by addition of CT; (B) Denaturing PAGE (10%) of RCA product after 
treatment with TaqI Restriction Enzyme in the presence of increasing 
amounts of PDGF. LC denotes the loading control; (C) Denaturing 
PAGE (10%) of RCA product, denoted as RP, after treatment with 
TaqI Restriction Enzyme in the absence of protein, and in the 
presence of 1 µM of either BSA or PDGF. LC denotes the loading 
control; (D) Titration curve of RCA product generation in the 
presence of PDGF monitored in real-time using either SYBR Gold or 
QuantiFluor as intercalating dyes.  All RCA reactions were conducted 
for 30 minutes. 
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system. (A) Native PAGE (8%) of the species formed when the 
thrombin aptaprimer was complexed with increasing amounts of 
thrombin, followed by addition of CT; (B) Denaturing PAGE (10%) of 
RCA product after treatment with TaqI Restriction Enzyme in the 
presence of increasing amounts of thrombin. LC denotes the loading 
control; (C) Denaturing PAGE (10%) of RCA product, denoted as RP, 
after treatment with TaqI Restriction Enzyme in the absence of 
protein, and in the presence of 1 µM of either BSA or thrombin. LC 
denotes the loading control; (D) Titration curve of RCA product 
generation in the presence of thrombin monitored in real-time using 
either SYBR Gold or QuantiFluor dyes.  All RCA reactions conducted 
for 15 minutes. 

Figure 3.5. Inhibition assay on cellulose paper using: (A) the anti-
PDGF aptaprimer system titrated with PDGF to generate a 
fluorescence signal on the cellulose surface after 30 minutes of real-
time RCA. Top image shows the observed fluorescence signal of the 
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paper wells was imaged after real-time RCA using the QuantiFluor 
dye.  Bottom shows the response from the paper-based assay using 
the QF dye is compared to the solution-based assay using SYBR 
Gold. (B) the anti-thrombin aptaprimer system titrated with thrombin 
to generate a fluorescence signal on the cellulose surface after 15 
minutes of real-time RCA. Top image shows the observed 
fluorescence signal of the paper wells as imaged after real-time RCA 
using QuantiFluor dye.  Bottom shows the response from the paper-
based assay using the QF dye is compared to the solution-based 
assay using SYBR Gold. 
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Figure S3.3. Inhibition assay using an anti-PDGF aptaprimer system 
with preformed AP-CT duplex followed by addition of PDGF target. 
(A) Native PAGE (8%) of the species formed when the AP-CT duplex 
was incubated with increasing amounts of PDGF; (B) Denaturing 
PAGE (10%) of RCA product after treatment with TaqI restriction 
enzyme in the presence of increasing amounts of PDGF. LC denotes 
the loading control. (C) Denaturing PAGE (10%) of RCA product, 
denoted as RP, after treatment with TaqI in the absence of protein, 
and in the presence of 1 µM BSA or PDGF. LC denotes the loading 
control. (D) Titration curve of RCA product generation in the 
presence of PDGF monitored in real-time using either SYBR Gold or 
QuantiFluor dyes.  All RCA reactions conducted for 30 minutes. 

Figure S3.4. Native PAGE analysis showing the ability of the anti-
thrombin aptaprimer (AP) to structure-switch from a complex with 1 
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using: (A) a 9 nucleotide primer-binding region (C9); (B) a 15 
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Figure S3.5. MST traces of the T-AP-C9 system showing the 
presence of unbound AP, AP-CT duplex, and AP-T complex species, 
respectively.  AP was complexed with increasing amounts of 
thrombin, followed by addition of CT.   

Figure S3.6. Inhibition Assay using a C15 anti-thrombin aptaprimer 
system. (A) Native PAGE (8%) analysis of AP complexed with 
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increasing amounts of thrombin, followed by addition of CT;  (B) 
Denaturing PAGE (10%) analysis of RCA product after treatment 
with TaqI in the presence of increasing amounts of thrombin. LC 
denotes the loading control. (C) Denaturing PAGE (10%) analysis of 
RCA product, denoted as RP, after treatment with TaqI in the 
absence of protein, and in the presence of 1 µM of either BSA or 
thrombin. LC denotes the loading control. (D) Titration curve of RCA 
product generation in the presence of thrombin monitored in real-
time using SYBR Gold or QuantiFluor dyes.  All RCA reactions 
conducted for 15 minutes. 

Figure S3.7. Comparison of dye performance on cellulose paper in 
the absence or presence of 10 pmol of a 60 nt DNA sequence (linear 
T-AP-C9) between: (A) SYBR Gold dye and; (B) QuantiFluor dye.   

Figure S3.8. Determination of optimal QuantiFluor dye concentration 
for detection of varying concentrations of a 60 nt DNA sequence 
(linear T-AP-C9) on a cellulose surface. (A) After 15 minutes of 
incubation on cellulose at room temperature. (B) After 30 minutes of 
incubation on cellulose at room temperature. 

Figure S3.9. Optimization of aptaprimer concentration on cellulose 
paper using: (A) the anti-thrombin aptaprimer system with a 15 
minute RCA reaction time; (B) the anti-PDGF aptaprimer system with 
a 30 minute RCA reaction time. The concentrations of thrombin or 
PDGF, respectively, was 0 µM for (-) and 1 µM for (+).  Observed 
fluorescence signal of the paper wells as imaged after real-time RCA 
using the QuantiFluor dye.   

Figure S3.10. Optimization of assay reaction time on cellulose paper 
using: (A) the anti-thrombin aptaprimer system; (B) the anti-PDGF 
aptaprimer system.  The concentrations of thrombin or PDGF, 
respectively, was 0 µM for (-) and 1 µM for (+).  Observed 
fluorescence signal of the paper wells as imaged after real-time RCA 
using the QuantiFluor dye.   

Figure S3.11. Reagent controls for the inhibition assays on cellulose 
paper using: (A) an anti-PDGF aptaprimer system after a 30 minute 
RCA reaction; (B) an anti-thrombin aptaprimer system after a 15 
minute RCA reaction. Observed fluorescence signal of the paper 
wells as imaged after real-time RCA using QuantiFluor dye. 

Figure S3.12. Selectivity controls for the inhibition assays on 
cellulose paper using: (A) an anti-PDGF aptaprimer system after a 
30 minute RCA reaction; (B) an anti-thrombin aptaprimer system 
after a 15 minute RCA reaction. The concentrations of PDGF, 
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thrombin and BSA were 1 µM. Observed fluorescence signal of the 
paper wells as imaged after real-time RCA using QuantiFluor dye. 

Chapter 4. 

Figure 4.1. Schematic representation of the protein-mediated RCA-
based assay.  In the absence of a protein target, phi29 DP digests 
the aptaprimer prior to addition of a CT, preventing RCA.  The binding 
of a protein protects the aptaprimer from digestion, allowing the CT 
to bind a 5‘ toehold and displace the target, resulting in RCA.  The 
RCA product is detected using a fluorescent intercalating dye.   

Figure 4.2. (A) Percentage of P-AP digested in 10 minutes as a 
function of phi29 DP concentration (U / 10 nM [AP]).  (B) Percentage 
of P-AP digested in 10 minutes using 1.2 U / 10 nM [AP] of phi29 DP 
followed by heat denaturation at 95 °C for 5 minutes. 

Figure 4.3. Optimization of the anti-PDGF aptamer system by the 
following parameters: (A) Optimal phi29 DP concentration with a 
digestion time of 10 minutes and a 0.1 CT:AP ratio; (B) Optimal ratio 
of circular template (CT) to aptamer (AP). RCA product generation 
monitored in real-time using SYBR Gold intercalating dye.  A 
concentration of either 0 or 10 nM PDGF was used for ratio 
determination.  Results taken after 60 minutes of RCA.  

Figure 4.4. Performance of optimized anti-PDGF aptamer system 
with RCA product generation monitored in real-time using SYBR 
Gold intercalating dye. (A) Reagent and Selectivity controls, where 
(+D) denotes exonuclease digestion, and (-D) denotes no 
exonuclease digestion. BSA, thrombin (Thr), and PDGF 
concentrations were 10 nM.  Inset is the denaturing PAGE of reaction 
products.  (B) Titration curve of RCA product generation in the 
presence of varying amounts of PDGF.  Results taken after 60 
minutes of RCA. 

Figure 4.5. Ability of the circular template to liberate the aptamer 
through toehold mediated strand displacement as a function of target 
concentration.  When target concentration is: i) low, the circular 
template successfully displaces the target, binds to the aptamer, and 
RCA is activated or; ii) high, the circular template is unable to 
outcompete the target for aptamer-binding, and RCA is inhibited. 

Figure 4.6. Performance of optimized anti-thrombin aptamer system 
with RCA product generation monitored in real-time using SYBR 
Gold intercalating dye. (A) Reagent and Selectivity controls, where 
(+D) denotes exonuclease digestion, and (-D) denotes no 
exonuclease digestion.  BSA, PDGF, and thrombin (Thr) 
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concentrations were 10 nM each.  Inset is the denaturing PAGE of 
reaction products. (B) Titration curve of RCA product generation in 
the presence of varying amounts of thrombin.  Results taken after 30 
minutes of RCA. 

Figure 4.7. Performance of optimized anti-PDGF aptamer system in 
(A) 10% human serum or; (B) 10% human plasma.  RCA product 
generation monitored in real-time using SYBR Gold intercalating dye.  
Results taken after 60 minutes of RCA. 

Figure S4.1. Investigation of the effect of increasing phi29 DP 
concentration on the 3’-exonuclease digestion of the PDGF 
aptaprimer (P-AP).   

Figure S4.2. Investigation of the effect of increasing reaction time on 
the 3’-exonuclease digestion of the PDGF aptaprimer (P-AP): (A) 
Denaturing PAGE and; (B) Digestion as a percentage relative to the 
0 minute control condition. 

Figure S4.3. Investigation of the effect of increasing PDGF protein 
concentration on the 3’-exonuclease digestion of the PDGF 
aptaprimer (P-AP).   

Figure S4.4. Observing the degree of liberation of AP from the AP-T 
complex by increasing the AP-CT binding affinity via elongation of 5’-
end of the aptamer in the anti-PDGF aptamer system using native 
PAGE analysis: T = target (specifically PDGF). Elongation lengths of: 
(A) 0 nt; (B) 5 nt; (C) 10 nt; (D) 15 nt; (E) 20 nt.  Note that the presence 
of two bands for the CT-AP complex suggests that the complex may 
adopt two unique conformations. 

Figure S4.5. Optimization of digestion time for the anti-PDGF 
aptamer system using a 0.1 CT:AP ratio. RCA product generation 
monitored in real-time using SYBR Gold intercalating dye.  A 
concentration of either 0 or 10 nM PDGF was used for ratio 
determination.  Results taken after 60 minutes of RCA. 

Figure S4.6. Effect of various heat treatments of protein targets on 
RP generation for the P-AP system. RCA product generation 
monitored in real-time using SYBR Gold intercalating dye.   

Figure S4.7. Role of toehold length on ability to activate RCA in the 
anti-PDGF aptamer system.  The toehold length increases from left 
to right: i) no toehold (0 nt); ii) short toehold (5 nt) and; iii) long toehold 
(15 nt). RCA product generation monitored in real-time using SYBR 
Gold intercalating dye.   
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Figure S4.8. Investigation of the effect of increasing various reaction 
parameters for the anti-thrombin T-AP system: i) concentration of 
phi29 DP: (A) Denaturing PAGE and; (B) Digestion as a percentage 
relative to the no phi29 DP control condition. ii) digestion time: (C) 
Denaturing PAGE and; (D) Digestion as a percentage relative to the 
0 minute control condition. iii) concentration of thrombin: (E) 
Denaturing PAGE and; (F) Digestion as a percentage relative to the 
no digestion and no target control condition.   

Figure S4.9. Observing the degree of liberation of AP from the AP-T 
complex by increasing the AP-CT binding affinity via elongation of 5’-
end of the aptamer in the anti-thrombin aptamer system using native 
PAGE analysis: T = target (specifically thrombin). Elongation lengths 
of: (A) 0 nt; (B) 5 nt; (C) 10 nt; (D) 15 nt; (E) 20 nt.  The top band 
indicates an AP-CT duplex whereas the bottom band indicates free 
AP.  Note that the absence of a band for the AP-Target complex is 
likely the result of rapid on-off rates for the complex. 

Figure S4.10. Determination of optimal buffer conditions for the T-
AP system.  RCA product generation monitored in real-time using 
SYBR Gold intercalating dye.  A concentration of either 0 or 10 nM 
thrombin was used for ratio determination.  Results taken after 30 
minutes of RCA. 

Figure S4.11. Optimization of the anti-thrombin aptamer system with 
by the following parameters: (A) Optimal phi29 DP concentration with 
a digestion time of 60 minutes and a 0.5 CT:AP ratio; (B) Optimal 3’-
exonuclease digestion time with a phi29 DP concentration of 0.1 
U/µL and a 0.5 CT:AP ratio and; (C) Optimal ratio of circular template 
(CT) to aptamer (AP). RCA product generation monitored in real-time 
using SYBR Gold intercalating dye.  A concentration of either 0 or 10 
nM thrombin was used for ratio determination.  Results taken after 
60 minutes of RCA. 

Figure S4.12. Effect of various heat treatments of protein targets on 
RP generation for the T-AP system. RCA product generation 
monitored in real-time using SYBR Gold intercalating dye.   

Figure S4.13. Effect of complex media on assay performance for P-
AP system.  (A) 10% human serum or; (B) 10% human plasma.  RCA 
product generation monitored in real-time using SYBR Gold 
intercalating dye.   

Figure S4.14. Determination of optimal digestion time for the P-AP 
system in either 10% human serum or 10% human plasma.  RCA 
product generation monitored in real-time using SYBR Gold 
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intercalating dye.  A concentration of either 0 or 10 nM PDGF was 
used for ratio determination.  Results taken after 120 minutes of 
RCA. 

Chapter 5. 

Figure 5.1. (A) The aptamer strand used for RecJ-mediated RCA.  

The sequence is comprised of a recognition tail on the 5’-end to 

promote RecJ recognition, an aptamer region for target recognition, 

a short spacer, and a primer region on the 3’-end for CT binding.  (B) 

Schematic representation of the target-mediated RCA-based assay.  

In the absence of a target, RecJ 5’-exonuclease digests the aptamer 

prior to addition a CT and phi29 DP, preventing RCA.  The binding 

of a target protects the aptamer from digestion, allowing the CT to 

bind to the protected primer region and permit RCA.  The RCA 

product is detected using a fluorescent intercalating dye. 

Figure 5.2. Gel-based optimization of T-AP digestion system: (A) 

Percentage of T-AP digested in 60 minutes as a function of RecJ 5’-

exonuclease concentration (units per reaction).  (B) Percentage of T-

AP digested as a function of time, using 15 U of RecJ per reaction.  

(C) Percentage of T-AP digested as a function of thrombin 

concentration, using 15 U of RecJ per reaction and a digestion time 

of 60 minutes, followed by heat denaturation at 95 °C for 5 minutes. 

Figure 5.3. Real-time RCA-based optimization of T-AP RCA system 

using the following parameters: (A) Optimal RecJ concentration with 

a digestion time of 60 minutes; (B) Optimal digestion time with a RecJ 

concentration of 7.5 U.  RCA product generation monitored in real-

time using SYBR Gold intercalating dye.  A concentration of either 0 

or 10 nM thrombin was used for ratio determination.  The dark grey 

bars indicate the selected optimal condition.  Results taken after 30 

minutes of RCA. 

Figure 5.4. Performance of optimized anti-thrombin system with 

RCA product generation monitored in real-time using SYBR Gold 

intercalating dye. (A) Reagent and selectivity controls, where (-RecJ) 

denotes no RecJ-mediated exonuclease digestion. BSA, OTA, and 

thrombin (Thr) concentrations were 1 µM.  The inset includes the 

denaturing PAGE gel of the reaction products as well as the intensity 

ratios between lanes.  (B) Concentration-response curve of RCA 

product generation in the presence of varying amounts of thrombin.  

Results taken after 30 minutes of RCA.   
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Figure 5.5. Gel-based optimization of O-AP digestion system: (A) 

Percentage of O-AP digested in 60 minutes as a function of RecJ 5’-

exonuclease concentration (units per reaction).  (B) Percentage of 

O-AP digested as a function of time, using 25 U of RecJ per reaction.  

(C) Percentage of O-AP digested as a function of OTA concentration, 

using 25 U of RecJ per reaction and a digestion time of 60 minutes, 

followed by heat denaturation at 95 °C for 5 minutes. 

Figure 5.6. Real-time RCA-based optimization of the O-AP RCA 

system by varying the following parameters: (A) Optimal RecJ 

concentration with a digestion time of 60 minutes; (B) Optimal 

digestion time with a RecJ concentration of 25 U.  RCA product 

generation was monitored in real-time using SYBR Gold intercalating 

dye.  A concentration of either 0 or 1 µM OTA was used for ratio 

determination.  The dark grey bars indicate the selected optimal 

condition.  Results were taken after 30 minutes of RCA. 

Figure 5.7. Performance of optimized anti-OTA system with RCA 

product generation monitored in real-time using SYBR Gold 

intercalating dye. (A) Reagent and selectivity controls, where (-RecJ) 

denotes no RecJ-mediated exonuclease digestion. BSA, thrombin 

(Thr), and OTA concentrations were 1 µM.  The inset includes the 

denaturing PAGE gel of the reaction products as well as the intensity 

ratios between lanes.  (B) Concentration-response curve of RCA 

product generation in the presence of varying amounts of OTA.  

Results were taken after 30 minutes of RCA.   

Figure S5.1. Investigation of the effect of increasing various reaction 

parameters for the anti-thrombin T-AP system using 10% denaturing 

PAGE analysis: (A) concentration of RecJ 5’-exonuclease; (B) 

digestion time; and, (C) concentration of thrombin.   

Figure S5.2. Investigation of the effect of increasing RecJ 5’-

exonuclease concentration for the anti-thrombin T-AP system under 

different reaction conditions using 10% denaturing PAGE analysis: 

(A) 1x phi29 DP reaction buffer and room temperature; (B) 1x phi29 

DP reaction buffer and 37°C; (C) 1x RecJ reaction buffer and room 

temperature and; (D) 1x RecJ reaction buffer and 37°C. 

Figure S5.3. Investigation of the effect of increasing various reaction 

parameters for the O-AP system using 10% denaturing PAGE 

analysis: (A) concentration of RecJ 5’-exonuclease; (B) digestion 

time and; (C) concentration of ochratoxin A (OTA).   
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Figure S5.4. Investigation of the effect of increasing RecJ 5’-

exonuclease concentration for the anti-OTA O-AP system under 

different reaction conditions using 10% denaturing PAGE analysis: 

(A) 1x phi29 DP reaction buffer and room temperature; (B) 1x phi29 

DP reaction buffer and 37°C; (C) 1x RecJ reaction buffer and room 

temperature and; (D) 1x RecJ reaction buffer and 37°C.  
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CHAPTER 1. INTRODUCTION 

1.1 Functional Nucleic Acids as Molecular Recognition Elements 

Deoxyribonucleic acids (DNA) have found widespread use as both 

targets and probes for diagnostic assays.[1–6]  In particular, since the 

development of polymerase chain reaction (PCR) for amplification of DNA,[7] 

the field of molecular diagnostics has grown dramatically, and is now 

established as a key component of modern clinical diagnostics.[8–11]  In such 

assays, DNA is used as a molecular recognition element (MRE) to hybridize 

with a desired nucleic acid (NA) target, and the duplex is then used as the 

starting point for PCR amplification.  Such assays are extremely sensitive 

(single copy detection limits are possible) and have the precision to detect 

single nucleotide polymorphisms (SNPs),[12–14] but are restricted to nucleic 

acid targets.  

Over the past 30 years, a novel class of NAs known as Functional 

Nucleic Acids (FNAs) have emerged as important class of MREs that have 

the ability to bind to non-NA targets to allow for their detection.[15–17] An 

important FNA is the DNA aptamer, which is able to act as a MRE and 

selectively binds to an analyte of interest, forming unique secondary and 

tertiary structures in the process (Figure 1A).  Beyond target binding, 

ribozymes and deoxyribozymes (DNAzymes) are another class of FNAs 

that operate by undergoing target induced catalytic activity, often with the 
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abilithy to cleave nucleic acid substrates to produce signals (Figure 1B).[18–

24]  

 

Figure 1. Functional Nucleic Acids: A) Aptamers; B) DNAzymes. 

The first reports of DNA aptamers was in 1990, when three research 

groups independently reported[25–27] methods for selection of aptamers 

using a process known as SELEX (Systematic Evolution of Ligands by 

Exponential Enrichment).[28]  The process typically utilizes a synthetic library 

of approximately 1015 random sequences of single-stranded DNA (or RNA) 

oligonucleotides.  This library undergoes a Darwinian-type process of 

selection in which the sequences exhibiting the best binding properties to a 

target analyte are enriched through iterative generations (selection rounds).  

Using SELEX, or variations of it,[28–31] aptamers and DNAzymes have been 

discovered for a variety of targets including ions, small molecules, proteins, 

viruses, and cells – with picomolar to micromolar binding affinities.[25,26,32–41] 

The development of, and advantages of FNAs for detection of such targets 

are discussed in more detail in Chapter 2. 
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1.2 Isothermal DNA Amplification 

Sensitivity can often be a limiting factor of point of care (POC) 

biosensors and assays alike.[15,42,43]  In traditional sensors where the sample 

volumes are on the scale of millilitres, the detection of trace amounts of 

analytes is relatively trivial as the number of moles of analyte is often quite 

large.  Comparatively, this can be a challenging task for miniaturized assays 

as the nano- to microlitre scale samples mean that the number of moles of 

analyte present is orders of magnitude lower than that of traditional millilitre-

scale samples.  Similar compromises in the analytical properties of an assay 

can occur when:  

i) assay times are shortened thus reducing the time available to 

generate detectable signals;  

ii) workflows are simplified or condensed risking a reduction in 

assay efficiency and yields of the final detectable product or;  

iii) less sensitive detection mechanisms are incorporated thus 

increasing the threshold number of detectable events required 

to observe a signal. 

As such, many assays incorporate an amplification method to 

address these compromises with sensitivity.  Generally, an amplification 

step serves to convert a single capture event into multiple detectable 

events.  The most widely known nucleic acid amplification method is PCR.  
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However, integration of PCR in biosensing applications is challenging as 

the method requires thermocycling (typically between 66°C and 95°C), 

which necessitates complex instrumentation and thus limits its utility in 

resource limited settings.[14]   

There has been a significant amount of work on the development of 

amplification methods that can operate at a single set temperature 

(isothermal amplification, or ITA methods) to overcome the need for 

thermocycling.[44,45]  To date, there are many examples of both enzyme-free 

and enzyme-based ITA method for both NA and non-NA target detection. 

Though there are a variety of enzyme-free NA amplification strategies, 

sensitivity and amplification rates can be limited.[44]  Among enzyme-based 

ITA methods, the most popular include: Helicase-Dependent Amplification 

(HDA),[46] Recombinase Polymerase Amplification (RPA),[47] Loop-

mediated isothermal amplification (LAMP),[48] Strand Displacement 

Amplification (SDA),[49,50] and Exponential Amplification Reaction 

(EXPAR).[51]  Such methods can be used both for direct amplification of 

nucleic acids, or can use aptamers to regulate the ITA method.[52–78]  

Though effective, these methods all require some combination of elevated 

temperatures (ranging from 37 °C to as high as 65 °C), additional 

processing enzymes (such as helicases in HDA, recombinase in RPA, or 

nicking enzymes in SDA and EXPAR), and multiple reaction steps, making 

them less effective for biosensing applications. 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

5 
 

1.3 Rolling Circle Amplification 

As discussed in-depth in Chapter 2, Rolling Circle Amplification 

(RCA) is an isothermal DNA amplification method that utilizes a circularized 

DNA strand as the template (circular template, or CT) to amplify a target 

substrate strand into tens to thousands of concatemeric single stranded 

DNA copies complementary to the CT (Figure 2).[19,79–84]   RCA requires only 

a single enzyme (typically ɸ29 or phi29 DP), a single primer and can be 

performed at room temperature, making it well suited for biosensor 

development.  The method can also be implemented using either linear or 

exponential amplification strategies, and is compatible with multiple signal 

outputs, as described in Chapter 2. 

 

Figure 2. Rolling Circle Amplification. 

1.4 Combining FNAs and RCA 

The utility of FNAs provides a means to convert non-NA binding 

events into NA outputs that can be integrated with RCA.  Though RCA 

methods require an initial nucleic acid input to initiate amplification, when 

combined with FNAs it is possible to use a non-NA target to modulate the 

amplification steps, drastically expanding the utility of the method for 

biosensing.[85–88]  Specifically, RCA may be the most prolific ITA method for 
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non-NA target detection.[21,22,45]  Regulation of RCA can be achieved in a 

variety of ways by controlling the availability of the primer or the CT, and 

Chapter 2 extensively reviews the utilization of FNAs for the target-mediated 

regulation of RCA.  However, many of the current methods for RCA 

regulation by aptamers require either incorporation of the aptamer into the 

CT,[89] which can impact native binding affinity,[90]  or develop complicated 

structure-switching designs to release a linear primer (or the aptamer itself 

as the primer) to generate homogeneous assays.[91,92]  However, designing 

such structure-switching systems is not trivial as locking aptamers in such 

a configuration can have detrimental effects on binding affinity[93] or lead to 

high background levels arising from the normal conformational equilibrium 

observed with such aptamers.  Alternative regulation methods can also be 

used, as described in Chapter 2, however these often require immobilization 

of the aptamer or multiple separation and washing steps, making them more 

challenging to implement in simple POC biosensors.[94]  As such, there 

remains a need for the development of homogeneous RCA regulation 

methods that utilize linear aptamers without negatively impacting their 

binding affinities. 

1.5 Thesis Goals 

Despite many examples of sensitive aptamer-based assays that 

utilize RCA to enhance analyte detection, many of these have shortcomings 

and recurring problems.  First, and foremost, homogeneous assays are 
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desirable as they show the most promise for applications at the POC, 

however almost all homogeneous assays require structure-switching 

constructs, making it difficult to produce a generalizable assay owing to the 

risk of reducing the binding affinity of the aptamer.  Though RCA 

applications with circular aptamers provide an avenue to avoid the need to 

design structure-switching constructs, circular aptamers are limited in 

availability and can demonstrate reduced binding affinities.  Thus, there is 

a need for systems where an unmodified linear aptamer can simply and 

effectively be paired with RCA.  As such, this thesis focuses on the design 

of homogeneous assays that utilize linear aptamers for direct regulation of 

RCA without the need for a structure switching process so as to provide the 

best balance of sensitivity and simplicity. 

 The thesis begins with a detailed review of FNA-linked RCA assays 

and devices (Chapter 2).  In this review, four main components are 

evaluated: i) the input method for non-NA detection; ii) the amplification 

method; iii) the detection method for quantifying the amount of RCA product 

created and; iv) the integration of the above three components to produce 

homogeneous or heterogenous assays with a variety of signalling outputs.  

By critically reviewing each parameter, we pinpoint current trends, identify 

strengths, and highlight areas for improvement.  As a corollary of this 

analysis of the field, this review should serve to highlight new approaches 

for developing the next wave of FNA-linked RCA assays. 
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The first research project (Chapter 3) serves to evaluate the use of a 

linear aptamer for direct control of the RCA reaction by using the aptamer 

as a primer for target-mediated modulation of RCA.  In this approach, a 

primer region is embedded within an aptamer to create an aptaprimer that 

can quantitatively regulate RCA product generation as a function of target 

protein concentration.  This method takes advantage of the multiple 

functions of FNAs in their ability to act as DNA-binding NAs, and protein-

binding MREs, and evaluates the ability of phi29 DP to read through protein-

bound aptaprimers.  It is hypothesized that target-bound aptamers should 

be unable to initiate RCA, and thus increased target should inhibit RCA, 

producing a turn-off sensor. 

 In Chapter 4, the ability to utilize the inherent 3’ exonuclease activity 

of phi29 DP is evaluated as a means to modulate the digestion of 

aptaprimers as a function of target concentration.  It was hypothesized that 

target-bound aptamer should show resistance to nucleolytic activity, while 

free aptamers would be digested.  The ability of the circular template to 

directly remove the bound target from undigested aptaprimers via toehold-

mediated strand displacement (TMSD) was also evaluated to determine if 

the protected aptaprimer could initiate RCA, which should increase with 

target concentration, producing a turn-on sensor.   

 In Chapter 5 an alternative strategy for the exonucleolytic regulation 

of RCA primer availability was examined using a 5’-exonuclease.  In this 
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case, the binding of target was expected to improve the protection of the 

aptaprimer from digestion as target concentration increased, but in this case 

a free 3’ terminus was included in the aptaprimer to avoid the need for CT-

mediated TMSD, potentially simplifying the assay.  Such an approach 

should not require the need to design a CT to perform target displacement, 

making the approach more generic.  To test this premise, both a protein and 

small molecule target were evaluated to determine if turn on sensors could 

be produced for both targets.   

  Lastly, in Chapter 6 the major achievements and conclusions 

derived from the research above are summarized and further ways to take 

advantage of the unique FNA-RCA are described. 
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CHAPTER 2.  

DESIGN STRATEGIES FOR FUNCTIONAL NUCLEIC ACID 

BIOSENSORS UTILIZING ROLLING CIRCLE AMPLIFICATION 

2.1 Author’s Preface 

 

I was responsible for the review structure, and wrote the first draft of the 

manuscript.  I wrote the content and designed the figures for the Introduction 

and Regulation sections of the review.  I compiled the data and generated 

the summary tables included in this review.   

 

Alexa Mainguy wrote the content and designed the figures for the 

Amplification section of the review.  Alexa Mainguy, and I both co-wrote the 

content and co-designed the figures for the remaining sections of the 

review.  Dr. Brennan, Alexa Mainguy, and I provided editorial input for all 

sections of the review.  Dr. Brennan and Dr. Li provided editorial input to 

generate the final draft of the paper. 
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2.2 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.   

2.3 Introduction 

Modern nucleic acid biosensors (NABs) have found widespread use as 

they provide many advantages over traditional diagnostic methods.[1–3]  

NABs can provide processing times of minutes to hours, are substantially 

smaller and more affordable relative to traditional instrument-based 

methods, and are often semi-automated, requiring minimal user training.  
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These make them excellent candidates for applications at the point of care 

(POC).  A key advantage of NABs is the ability to integrate nucleic acid 

amplification strategies, which can significantly improve the limit of 

detection.[4–6]  However, sample preparation remains a major issue for such 

biosensors, as extraction of NAs (DNA, RNA, or miRNA) from a biological 

sample is non-trivial and often requires several laborious and time-

consuming extraction procedures.  Furthermore, many important clinical 

and environmental sensing applications do not have a relevant NA target.  

Hence, there has been a significant amount of research devoted to methods 

that can utilize readily accessible non-NA targets, such as metal ions, small 

molecules, and proteins, while retaining the advantages offered by NA 

amplification to lower the detection limit for such species.  In this 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 ultrasensitive detection of non-NA targets, with an emphasis on 

sensors that are suitable for point-of-care (POC) applications. 

Functional nucleic acids, which are either NA aptamers or 

(deoxy)ribozymes (RNAzymes or DNAzymes),  have seen widespread use 

as molecular recognition elements (MREs) for the selective detection of 

non-NA targets.[3,7–13] While both RNA aptamers and ribozymes are present 

in nature, no naturally occurring DNA aptamers or DNAzymes have been 
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found to date.[14,15] Hence, all such species have been generated using 

artificial in vivo selection methods.   

The first reported selection of a DNA aptamer was in 1990, with three 

different groups independently reporting the discovery of DNA aptamers 

using a using a process known as SELEX (Systematic Evolution of Ligands 

by Exponential Enrichment).[16–18] This Darwinian-type process of 

selection,[19]  and variations of it,[20]  have led to the discovery of aptamers 

for a variety of targets, including small molecules, proteins, viruses and 

cells, typically with picomolar to micromolar binding affinities.[17,18,21–30]  

These single-stranded NA probes typically undergo substantial 

conformational changes upon non-covalent target binding, producing a 

defined tertiary structure based on an induced fit with the target, earning 

aptamers the nickname “chemical antibodies”.[17,18,31]   Aptamers can be 

incredibly selective, with the theophylline aptamer able to distinguish 

between theophylline and caffeine – a single methyl group difference – with 

1000-fold selectivity,[22]  and the anti-platelet-derived growth factor (PDGF) 

aptamer binding the PDGF-BB isoform with 700-fold selectivity over the 

PDGF-AA isoform.[21]  Even enantiomers can be differentiated with the L-

adenosine aptamer showing over 1700-fold chiral discrimination over D-

adenosine.[32] 

The first selection of a DNAzyme was conducted in 1994, when Joyce's 

group reported on the first RNA cleaving DNAzyme, which catalyzed the 
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transesterification reaction of the phosphodiester bond of RNA.[33]  Since 

this time, many other DNAzymes have been discovered[11,34] with various 

catalytic abilities including nucleic acid ligation,[35,36] hydrolysis,[37–39] 

phosphorylation,[40] capping,[41] deglycosylation[42] and peroxidation.[43]  

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 the catalytic domain upon target binding (often 

referred to as aptazymes).  Many aptazymes such as the ATP aptazyme, 

are rationally designed to link a target binding event with catalytic activity 

through a communication module.[1,44]  More recently, aptazymes have 

been directly selected against bacterial or mammalian cellular media to 

produce MREs that are selective against desired bacteria or cancer 

cells.[45,46]  Together, the breadth of DNA aptamers and DNAzymes has 

made FNAs a particularly useful set of MREs for the development of POC 

diagnostic tests.[47–49] 

While FNAs represent a novel category of MRE, in many cases their 

affinity constants are not sufficient to allow detection of trace levels of 

targets.  Indeed, achieving ultrasensitive detection of analytes in a manner 

that meets the World Health Organization (WHO) ASSURED criteria 

(Affordable; Sensitive and Specific enough to provide useful information; 

User-friendly; Rapid and robust; Equipment-free, and; Deliverable to the 

end-user)[50–53] remains a major challenge in the field of POC 
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diagnostics.[4,6,53,54]  To address this issue, binding of a target to a FNA can 

be coupled to one of several DNA amplification methods to increase 

sensitivity and drive down detection limits.  Though there are non-enzymatic 

DNA amplification methods, improvements to sensitivity can be limited.[55]  

As a result, sensors that utilize FNAs for target recognition commonly 

incorporate an enzymatic NA amplification method to retain sensitivity that 

is otherwise lost to miniaturization and simplification. 

The most common enzymatic DNA amplification method is the 

polymerase chain reaction (PCR),[56] however the need for thermocycling 

makes this method incompatible with simple point-of-care assays.[57] Over 

the past 30 years a number of isothermal amplification (ITA) methods have 

been developed to overcome this limitation.  These include strand 

displacement amplification (SDA),[4,6,58,59] recombinase-polymerase 

amplification (RPA),[60–62] loop-mediated amplification (LAMP),[63–66] 

helicase dependent amplification (HDA),[67–70] and hybridization chain 

reaction (HCR).[55,71,72]  While these are powerful amplification methods, and 

often provide exponential amplification, many of these require multiple 

enzymes or primers, complicated sequence design, and operate at elevated 

temperatures (typically 30 – 65 °C) making them difficult to apply in simple 

POC assays or devices which aim to operate in an equipment-free manner.   

Rolling circle amplification (RCA) is another ITA method that has 

received significant attention for biosensing applications as described in 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

20 
 

recent reviews.[73–79]  Replication of DNA around a circular template is a 

naturally occurring process which normally involves circular plasmids that 

are typically thousands of nucleotides in length.[80]  However, the CTs used 

in RCA are often synthesized to be less than one hundred nucleotides long 

rather than several thousands of nucleotides found in DNA plasmids.  In 

fact, the first literature examples of circular oligonucleotides with open, 

unpaired structures that showed potential as substrates for polymerases 

were not reported until 1990,[81,82] and it was not until 1995 that the Fire 

group reported on the replication of DNA using short synthetic nucleotide 

CTs.[80]  Shortly thereafter, Kool et al. suggested its possible application in 

NA amplification.[83]  Since this time, extensive advancements have been 

made in the use of RCA for detection of nucleic acid targets, including 

improvements in regulation methods, polymerase selection, amplification 

methods, and detection strategies.  For more extensive information on the 

history of RCA, readers are referred to early reviews on the field.[73,80,84]   

In contrast to other ITA methods, RCA requires only a single enzyme, a 

single primer and can be done at room temperature, making it well suited 

for utilization in simple, equipment-free POC devices.  RCA is unique among 

ITA methods in that it utilizes a circular DNA template (CT) rather than a 

linear one.  In the presence of deoxyribonucleotide triphosphates (dNTPs), 

and the CT, a DNA polymerase (typically phi29 DNA polymerase (phi29 

DP)) amplifies a complementary linear DNA or RNA primer.  As the template 
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is circular, the resultant RCA product (RP) generated is a series of tens to 

thousands of concatemeric single-stranded DNA copies that are 

complementary to the CT.  As described below in Sections 3 and 4, it is also 

possible to encode a variety of sequences into the RP to allow subsequent 

reactions that can improve either amplification efficiency or detection 

sensitivity, allowing this method to achieve single molecule detection 

limits.[85–88]   

RCA has been extensively used as an amplification tool for the detection 

of NA targets,[73–75] and has the specificity to detect single nucleotide 

polymorphisms (SNPs).[87,89–91]  However, the use of RCA for the amplified 

detection of non-NA species requires careful consideration of three main 

components: 1) molecular recognition in a manner that triggers RCA; 2) the 

nature of the amplification reaction, and; 3) the method to transduce the 

RCA output into a measurable signal.  While there are examples of RCA 

reactions that utilize antibodies as MREs,[92–97] in this review we will focus 

on FNAs as MREs to trigger RCA, and will describe how the CT sequence 

can be used to modulate the triggering, amplification efficiency, and output 

of the RCA reaction (Figure 2.1).  We also describe simple POC devices 

that integrate FNA-based MREs with RCA-enabled amplification and 

detection systems, with a focus on devices that meet the ASSURED criteria.  

Particular emphasis is placed on electrochemical and paper-based 
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biosensing approaches as these devices meet the ASSURED 

criteria,[48,53,98,99] and allow for sensitive and robust analyte detection. 

 

 

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. 

 

2.4 Regulation of RCA by FNA 

Controlling the initiation of the RCA reaction can be achieved by 

regulating the availability of at least one of the four essential components of 

RCA: the primer, CT, a DNA polymerase (phi29 DP unless otherwise 

indicated), or dNTPs.  To date, no methods have been reported that involve 

the modulation of DP or dNTP availability to regulate RCA.  Though the 
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primer and CT are NA strands, FNAs act as a powerful bridge to allow non-

NA targets to regulate NA strand availability.  Here we will focus on 

techniques that specifically regulate the availability of either the primer 

strand or the CT with a focus on methods that best satisfy the ASSURED 

criteria. 

2.4.1 Primer Regulation 

The complementary binding of a NA primer to the CT to form a primer-

CT complex is a fundamental requirement for RCA.  The primer can be as 

short as six nucleotides in length,[100] though longer primers will improve 

selectivity and the efficiency of initiating the RCA process.[101]  Once bound, 

the phi29 DP will elongate the primer along the CT from the 3’ end, 

eventually displacing the primer after a revolution around the CT.  This 

allows multiple copies of the antisense RP to be generated as identical 

repeating units.  Binding of a target to a FNA can be used to alter that 

availability of the primer, and thus regulate the initiation of RCA, by three 

different methods.  These include using: i) a target-binding event to trigger 

the release of a primer strand from a FNA, ii) binding of a target to an 

aptamer that acts as a primer to control primer-CT hybridization, or, iii) a 

target-activated RNA cleaving DNAzyme (RCD) to liberate an otherwise 

blocked primer.  These methods are described in detail in the following 

sections.  
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2.4.1.1 Primer Regulation using Structure-Switching Aptamers 

Structure-switching aptamers are designed to switch between a duplex 

form, which has a short NA strand hybridized across the aptamer domain 

and a primer extension, and a complex formed between the target and 

aptamer, which displaces the hybridized NA strand.[102–105]  While often used 

to directly generate fluorescence signals based on displacement of adjacent 

quencher- and fluorophore-labelled strands,[102–105] this method can also be 

used as a means to initiate RCA by using the displaced NA strand as the 

RCA primer.  For example, Hu et al. utilized the thrombin-binding structure 

switching aptamer to regulate RCA in this manner.[106]  In this case, the 

aptamer released an RCA primer upon target binding, which was first 

captured at its 5' end by an immobilized DNA probe (Figure 2.2A).  Following 

a washing step, addition of CT and phi29 DP to the captured primer allowed 

for target-mediated RP generation from the 3' terminus.   

More recently, Liu et al. designed a tripartite structure-switching system 

for the detection of PDGF, which elegantly combined the essential RCA 

components together in a manner that eliminated the need for washing 

steps (Figure 2.2B).[107]  The system was comprised of a primer strand with 

the 5’-end hybridized to a CT and the 3’-end hybridized to an anti-PDGF 

aptamer.  Without target present, the aptamer blocked phi29 DP from 

initiating RCA on the primer.  However, addition of PDGF triggered a 

structure-switch and released the aptamer.  This allowed the 3’ end of the 
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primer to hybridize to the CT to generate a fully complementary primer 

sequence that could be used to initiate RCA.   

A notable drawback of structure-switching aptamers is that hybridizing 

DNA strands to the aptamer sequence can affect its apparent binding 

affinity.[102]  For example, Nutiu et al. reported that both the anti-thrombin 

and anti-ATP structure-switching aptamers showed a marked increase in 

the apparent dissociation constant (60-fold higher for the ATP aptamer).  In 

addition, optimization of such systems requires extensive manipulation of 

the sequence of the displaced NA to ensure that it is easily released from 

the aptamer upon target binding, but also has sufficient affinity for the CT to 

allow facile initiation of RCA.   

To overcome this issue, it is possible to perform the structure-switching 

using graphene oxide (GO) rather than DNA-DNA duplexes (Figure 2.2C).  

GO exhibits properties that can be tuned to retain single-stranded or double-

stranded DNA on its surface.[108]  Structure-switching from GO using an 

aptamer was first demonstrated by Lu et al. in 2009 for the detection of 

thrombin.[109]  In this case, the adsorbed aptamer is displaced from the GO 

surface upon binding the target to form a DNA-target complex.  Liu et al. 

built upon this initial report by demonstrating GO-linked RCA for the 

detection of thrombin.[110]  Reduced graphene oxide (rGO) was reported to 

perform better than its GO counterpart at releasing the thrombin-bound 

aptamer from the surface while preventing non-specific desorption of the 
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aptamer.  To initiate RCA, the aptamer had a 3’ primer extension that could 

bind to a CT even when the aptamer was bound to its target, allowing the 

released aptamer to act as the linear primer.  This approach has been used 

to develop RCA-linked assays for a variety of other targets, including PDGF 

and C. difficile glutamate dehydrogenase (GDH).[110–114]  A drawback of this 

method is the potential for readsorption of the liberated aptamer onto the 

rGO surface.  This necessitates removal of rGO by centrifugation[110,111] or 

the use of a paper-based assay to allow migration of the aptamer-target 

complex away from the immobilized rGO and into a zone containing the 

CT[112] (as described in Section 2.7) for regulation of primer availability. 

It is also possible to use an unmodified aptamer complexed to a CT to 

provide a structure switching system that controls RCA.  In this method, 

reported in 2010 by Cheng et al. for the colorimetric detection of VEGF,[115] 

the VEGF aptamer was covalently immobilized on a glass slide and 

hybridized to a CT.  Addition of the target displaced the CT, which was 

subsequently washed away. As such, the addition of target lead to the 

prevention of RCA, producing a “signal-off” sensor. 

A simplified one-pot version of the RCA inhibition assay was reported by 

Bialy et al. recently, which removed the need for aptamer immobilization 

and washing steps. The assay is based on pre-incubation of the target with 

the aptamer, which forms a complex that blocks the 3’ end of the aptamer, 

preventing it from binding to a subsequently added CT containing the anti-
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sense sequence to the aptamer and thus inhibiting RCA (Figure 2.2D).[101]    

An important advantage of this method is that the affinity of the aptamer is 

not affected as is the case for displacement of a hybridized CT.  However, 

the use of an inhibition mechanism results in the signal decreasing as target 

concentration increases, which leads to a poorer detection limit.  In addition, 

it is important to carefully design the aptamer sequence to avoid background 

binding of the aptamer-target complex to the CT. 

 

Figure 2.2. RCA-linked FNABs utilizing structure-switching. (A) Traditional 
structure-switching; (B) Tripartite structure-switching; (C) Structure-
switching using reduced graphene oxide material; (D) Target-mediated 
inhibition of structure-switching.2.4.1.2 Integration of native phi29 DP 3’-
exonuclease activity 
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While phi29 DP is primarily used as a polymerase, the enzyme also has 

native 3’ exonuclease activity as part of its proofreading mechanism.  Liu et 

al. made use of this feature to regulate primer availability with  a one-pot 

assay based on the tripartite structure-switching system outlined above 

(Figure 2.3A).[116]  In this case, RCA was regulated by binding the aptamer 

partially to the CT and partially to a primer, such that the aptamer blocked 

the 3’ end of the primer.  The 3’ end of the aptamer was capped with an 

inverted dT nucleotide to prevent 3’-exonuclease activity on the aptamer 

itself.   In the absence of target, RCA was prevented owing to blocking of 

the 3’ end of the primer.  Upon target binding, the aptamer was displaced 

and the phi29 DP could then trim the 3’ overhang of the primer (which was 

complementary to the aptamer rather than the CT) via 3’-exonuclease 

digestion to generate a fully complementary primer which could initiate 

RCA.    

A further example utilized the 3’-exonuclease strategy with a 

supramolecular aptamer (or split aptamer) for the detection of ATP (Figure 

2.3B).[117]  Here, the first subunit (SA1) of the ATP aptamer contains an 

extended 5’-end region complementary to a CT.  The second subunit (SA2) 

of the ATP aptamer contains the second half of the ATP aptamer on the 5’-

end, a short region complementary to the CT in the center of the strand, and 

a 3’-end that is not complementary to the CT.  In this format, SA1 stays 

hybridized with the circular template, and SA2 is unable to interact with the 
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duplex.  An inverted dT nucleotide on the 3’-end prevents phi29 DP from 

digesting SA1 and thus no RP can be generated.  However, the addition of 

ATP causes SA1 and SA2 to orient in close proximity and form the ATP 

aptamer, which brings SA2 close enough to the CT to stabilize the otherwise 

weak interaction.  Addition of phi29 DP allows digestion of the 3’-end of SA2 

and initiates the RCA reaction at the middle point of the SA2 strand.  

Our group recently reported a simplified approach for utilizing the 3’-

exonuclease activity of phi29 DP without requiring inverted dTs or complex 

structure-switching systems (Figure 2.3C).[118]  In this approach, pre-

incubation of the target with an aptamer forms a complex that protects the 

aptamer from 3’-exonuclease activity.  The aptamer contains a toehold 

extension at its 5’-end, allowing liberation of the aptamer by a CT through 

toehold-mediated strand displacement (TMSD), which then initiates 

RCA.  In the absence of target, the aptamer is digested and thus RCA does 

not occur. The method works well for low target concentrations.  However, 

TMSD is not able to displace the target when at high concentrations, leading 

to blocking of phi29 processing by the target, inhibiting RCA.   

Another method to modulate the interaction of a primer with a CT it by 

using a phi29 nuclease activity to act on a hairpin containing both the 

aptamer and primer.[119]  In this case, the hairpin contains three regions: an 

aptamer region on the 5’-end, a primer region in the middle, and a blocking 

region at the 3’-end that forms a weak hairpin with the aptamer region 
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(Figure 2.3D).  Without target, the blocking region could be extended along 

the hairpin using Klenow Fragment to strengthen the hairpin and shield the 

primer from being used for RCA.  In the presence of target the hairpin is 

disrupted and Klenow Fragment cannot extend the hairpin, thereby allowing 

the primer region to hybridize to the CT.  Addition of phi29 DP digests the 

excess blocking region nucleotides to produce a complementary primer that 

can initiate RCA. 

  

 

Figure 2.3. Enzyme-assisted regulation of primer availability. (A)-(C) RCA 
FNABs incorporating native 3’-exonuclease activity of phi29 DP. (A) 
Tripartite structure-switching; (B) Supramolecular (split aptamer) variant; 
(C) Toehold-mediated strand displacement; (D) Hairpin formation via 
Klenow Fragment.  
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2.4.1.3 DNAzyme Mediated Primer Regulation 

RNA-cleaving DNAzymes (RCD) are another MRE that can be used to 

modulate RCA via primer regulation, which is achieved through the target-

dependent activation of the DNAzyme to allow catalysis of the cleavage 

reaction involving a DNA substrate containing an embedded ribonucleotide 

cleavage site.  This reaction results in the production of specific cleavage 

fragments that can be used as primers to control the RCA reaction.  

The first example of this method utilized the coupling of an RCD with RCA 

for the detection of ATP.[120]  The substrate was designed such that the RCA 

primer region was upstream of the ribonucleic acid linker, so that phi29 DP 

was unable to access the primer and initiate RCA.  Addition of ATP activated 

DNAzyme catalysis to cleave the ribonucleic acid linker within the substrate 

(Figure 2.4A), producing a DNA fragment with a free 3’ terminus. After 

treatment with polynucleotide kinase (PNK) to remove the 2,3-cyclic 

phosphate (a by-product of the RCD cleavage reaction), this primer was 

able to hybridize with a CT to trigger RCA, allowing for amplified detection 

of ATP.   

In contrast with the first example, it is possible to use a pre-formed 

tripartite complex to avoid the need for separate addition of the CT (Figure 

2.4B). In this case,[121] a primer was designed such that the 5’-end 

hybridized to a CT and the 3’-terminal region contained a ribonucleic acid 

linker bound to an RCD specific for E. coli.  The presence of E. coli activated 
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the DNAzyme and triggered cleavage of the ribonucleic acid linker.  

Subsequent 3’-exonuclease digestion by phi29 DP removed the 3’-

overhang and allowed RCA to proceed to produce an easily detected 

reaction product.   

In both examples described above, access to the primer strand by phi29 

DP specifically required a cleavage reaction to liberate the primer, and thus 

RCA could not be initiated unless both the DNAzyme and phi29 DP 

enzymatic functions worked in unison to liberate the primer strand.  This is 

in stark contrast to structure-switching aptamers described above, where 

access to the primer is typically only gated by one layer of control (DNA-

DNA hybridization or DNA-rGO adsorption).  As a result, the use of RCDs 

provides a highly specific approach to primer regulation of RCA activity. 

 

Figure 2.4. RCA FNABs utilizing RNA-cleaving DNAzymes (RCDs). (A) 
Traditional RCD-mediated cleavage; (B) Tripartite RCD utilizing 3’-
exonuclease activity of phi29 DP. 
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2.4.2 Circle Regulation 

FNAs can also be used to regulate the availability of the CT instead of 

the primer.  RCA requires the presence of a circularized template to 

generate long, concatemeric reaction products, as only trace amounts of 

monomeric RP can be generated when using phi29 DP with a linear 

template.[122,123]  The three primary strategies for regulating CT availability 

involve: 1) using a FNA to control the formation of a circularized template 

from a linear DNA precursor strand; 2) integrating the aptamer directly into 

the CT to modulate the ability of phi29 DP to generate RP, or; 3) enabling 

access to the CT through the use of an RCD.   

2.4.2.1 Circle ligation method 

In 1994, Nilsson et al. reported on the concept of using a ligase to 

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) 

method.[124]  This ligation reaction can only occur in the presence of a 

ligation strand which has segments that are complementary to the 5’-end 

and 3’-end of the linearized padlock probe, ensuring high selectivity.  Lizardi 

et al. built on this work in 1998 by utilizing the ligated padlock probe as a 

CT for RCA, creating the first CT-regulated RCA system.[85]  Since then, 

PLP-linked RCA has developed into the most common method for CT 

regulation of the reaction, providing for ultrasensitive[85–88] and 

selective[85,87,89–91] NA detection.  The method has also been utilized using 
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aptamers as ligation strands to allow detection of non-NA targets.[125–141]  

Below, the key advances in aptamer-linked, PLP-regulated RCA are 

described.   

PLP-linked RCA modulated by an aptamer was first demonstrated by 

Yang et al. in 2007 for the detection of PDGF.[125]  Here, the PDGF aptamer 

was elongated at both the 3’ and 5’ ends to include carefully designed 

sequences that only permitted the formation of a ligation junction in the 

presence of PDGF (Figure 2.5A).  Without PDGF, the terminal ends were 

hybridized to the aptamer domain, and thus unavailable to bind to the 

linearized CT.  The addition of PDGF caused a conformational switch in the 

aptamer that released the terminal ends, allowing formation of a junction 

that could be ligated in the presence of T4 DNA ligase.  Addition of a 

separate primer strand then initiated RCA. 

An alternative approach is to use a structure-switching aptamer where 

target binding leads to the release of a ligation strand which doubles as the 

primer (Figure 2.5B).  Ma et al. used this approach for the detection of 

cocaine.[135]  The cocaine aptamer was immobilized on a magnetic bead 

and hybridized to a ligation strand. Addition of cocaine lead to the liberation 

of the ligation strand.  After magnetic separation to remove the unreacted 

duplexes, a linear template and T4 DNA ligase was added to form a CT for 

subsequent amplification.  A similar approach was used by Tong et al. 

except that the structure-switching aptamer (in this case for ochratoxin A) 
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was reacted with its target in solution to liberate a linear template (Figure 

2.5C), while the ligation strand was immobilized on a magnetic bead with 

the 3’ end at the distal end. In this 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 be easily extracted from solution. 

The ligation strand (and primer) can also be integrated within the 

aptamer.[130–132]  Jiang et al. tethered a ligation strand to the 3’-end of an 

aptamer in a sandwich assay for the detection of E. coli.[130]  In this 

approach, E. coli cells were captured on a PDMS surface with a dendrimer 

and the modified aptamer was introduced to form a sandwich complex 

(Figure 2.5D).  Addition of a linear CT precursor and T4 DNA ligase allowed 

for CT formation and subsequent RCA elongation from the 3’-end of the 

aptamer.  The aptamer strand can also be designed to act as the ligation 

strand without any 3’ modifications (Figure 2.5E).[132]  To demonstrate this 

approach, gastric cancer exosomes were incubated with the aptamer and a 

filter membrane was used to discard unbound aptamer.  Next, the aptamer-

exosome complex was heat denatured to release the aptamer.  The 

liberated aptamer subsequently served as the ligation strand for CT 

formation and as the primer for RP generation. 

A potential drawback of current aptamer-modulated PLP methods 

include the requirement of an additional enzyme, and the need for additional 

separation or washing steps to remove unreacted ligation templates. In 
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addition, many examples perform the ligation and amplification reactions 

separately rather than in one-pot, limiting their use in simple POC devices. 

 

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

An emerging method to modulate the CT is to incorporate the sequence 

of the FNA, and specifically an aptamer, directly into the CT sequence to 
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regulate the RCA reaction.  As noted below, most circularized aptamers 

were initially generated as linear species, since most SELEX methods used 

to find novel aptamers utilize linear NA libraries.[113]  Importantly, the linear 

aptamer sequence can simply be inserted into the CT, while retaining any 

primer binding or detection sequences encoded within the circle.  As the 

circle lacks both 3’ and 5’ ends, circularized aptamers (denoted as 

captamers) are resistant to exonuclease degradation, making them 

particularly suitable for applications involving biological samples.[113,142]   

The first example of using captamers to regulate RCA was demonstrated 

by Di Giusto et al. for the detection of thrombin in a proximity extension 

assay.[143]  In this approach, two aptamers were used, one of which had a 

3’ extension to act as a primer for RCA, and another that was embedded 

into a CT with a region that was complementary to the primer.  As both 

aptamers could bind to different regions of thrombin, target binding brought 

the aptamer and captamer together, initiating RCA.  To prevent non-specific 

amplification in the absence of thrombin, the complementary region was 6 

base pairs, which is sufficiently short to prevent non-specific hybridization.  

The circular nature of captamers allows also for their incorporation into 

intramolecular structure-switching strategies for RP regulation.  Zhao et al. 

converted a linear aptamer for lipopolysaccharides (LPS) into a captamer 

by embedding the aptamer, along with a primer-binding region, within a CT 

(Figure 2.6A).[144]  In the absence of target, the captamer formed a dumbbell 
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shape through intramolecular hybridization, limiting access to the primer-

binding region.  Upon addition of LPS, the captamer adopted an extended 

conformation that exposed the primer-binding region, allowing for 

subsequent binding to a primer and RP generation.  

The Liu group demonstrated the ability to use captamers to develop a 

structure-switching system, where PDGF binding could cause displacement 

of the circularized PDGF aptamer from rGO (Figure 2.6B).[114]  Once 

displaced, the complex between the captamer and PDGF was removed 

from the rGO through centrifugation, and then the supernatant containing 

the liberated captamer was mixed with primer, allowing for RP generation.  

Though this method required a centrifugation step to isolate the liberated 

CT, it should also be amenable to paper-based spatial separation from rGO, 

as has been demonstrated with linear aptamers (see Section 2.7 for more 

details).[112] 

While circularizing linear aptamers into CTs is relatively straightforward, 

the CT sequences must be carefully designed to prevent altering the native 

activity of the aptamer and its ability to switch between duplex and complex 

conformations.  Recently, our group successfully conducted a SELEX 

experiment using a circular library and isolated a novel glutamate 

dehydrogenase (GDH) captamer which was only active in the circular 

form.[113]  Importantly, this captamer showed lower affinity for recombinant 

GDH (rGDH) relative to native GDH (nGDH), a key target for C. difficile 
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detection (Figure 2.6C).  This allowed the development of a competitive 

assay wherein the GDH captamer was first incubated with rGDH-coated 

magnetic beads to form a captamer-rGDH complex.  Addition of nGDH 

caused release of the captamer from the bead, and after removal of MBs, 

the liberated captamers were able to bind to an added primer to allow for 

nGDH-mediated RCA. 

As was the case for PLP-mediated RCA, most of the examples above 

required a separation step, making them challenging to implement in POC 

tests.  To overcome this issue, a method was developed using a CT-

integrated aptamer to modulate the RCA reaction upon target binding by 

blocking the ability of phi29 DP to read through the CT (Figure 2.6D).  A 

PDGF aptamer was incorporated within a CT and it was observed that phi29 

DP was unable to displace the bound protein and thus read through the 

aptamer sequence, thereby inhibiting the RCA reaction when the protein 

was bound.[145]  In  this instance, and also with a thrombin-targeting 

system[145,146], no modifications of the PDGF or thrombin aptamers were 

required, thus making the method generalizable.  In addition, no separation 

steps were required, making the assay much simpler.  On the other hand, 

the assay operates as a “turn-off” signalling system, which generally tends 

to have poorer detection limits relative to “turn-on” systems. 
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Figure 2.6. RCA-linked FNABs utilizing structure-switching for regulation of 
circular template. (A) Intramolecular structure-switching; (B) Structure-
switching using reduced graphene oxide material; (C) Structure-switching 
using recombinant analyte (GDH); (D) Target-mediated inhibition of 
structure-switching. 

 

2.4.2.3 DNAzyme Regulation of CTs 

The use of DNAzymes to modulate the formation or accessibility of a CT 

is less prevalent than CT modulation by aptamers, however, there have 

been some interesting approaches, as noted below.  The first example used 

a DNAzyme with ligase activity to regulate the formation of a CT from a 

linear DNA sequence (Figure 2.7A).[147]   Similar to a PLP ligation approach, 

the Ellington group used a ligase DNAzyme that formed a hairpin loop when 

bound to ATP.  The ends of the hairpin mimicked a ligation strand, bringing 
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the two ends of the linearized CT together such that DNAzyme catalyzed 

ligation could occur.  This DNAzyme ligase approach did not require an 

additional protein enzyme, as the linearized form of the CT was 

functionalized with a 3’-phosphorothioate and 5’-iodine residue.   

Another approach to regulate CT formation utilized a DNAzyme with 

kinase activity, denoted as Dk2, to facilitate the ligation of a circular template 

in the presence of GTP (Figure 2.7B).[148]  In this strategy, the DNAzyme 

was used as the linearized form of the CT.  In the presence of GTP, the 

DNAzyme catalyzed a self-phosphorylation reaction wherein GTP 

transferred a phosphate to the 3’ end of the DNAzyme. Circular ligation was 

carried out using T4 DNA ligase and a splint oligonucleotide complementary 

to the 5’ and 3’ ends of Dk2. The splint oligonucleotide also acted as a 

primer to allow RCA to proceed around the newly formed CT, allowing for 

sensitive detection of GTP as a target.   

An issue with the use of DNAzymes to perform CT ligation is the poor 

diversity of targets that can activate such DNAzymes (generally NTPs such 

as ATP or GTP), and thus act as targets for sensing, thereby limiting the 

potential of this method for biosensing. An alternative strategy is to use a 

DNAzyme to modulate the accessibility of a CT, usually by liberating it from 

a constrained configuration.  As an example, a Pb2+-specific RCD was used 

to liberate a NA that served as a ligation strand for PLP ligation (Figure 

2.7C).[149] The ribonucleotide-containing substrate strand was first 
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hybridized to the DNAzyme.  The presence of Pb2+ activated the DNAzyme, 

and cleaved the ribonucleotide junction in the substrate strand, with the 

cleaved fragment dissociating from the DNAzyme and acting as a ligation 

template to allow T4 ligase catalyzed ligation to form a circular template 

suitable for RP generation.  Importantly, the diversity of RCDs makes this a 

more versatile method for sensing, as there are numerous targets that can 

activate RCDs.[1,150]  

In addition to ligation methods, it is also possible to use RCDs to 

modulate the accessibility of a preformed CT.  Liu et al. showed that it was 

possible to produce a circularized ribonuclotide-containing substrate that 

was strongly interlocked with the CT by using the CT as the ligation strand 

to circularize the substrate.  By including a sufficiently long section that 

could hybridize to the CT, phi29 DP was prevented from reading through 

the hybridized section, and thus neither circle could be used to initiate RCA 

(Figure 2.7D).[151]  In the presence of the RCD, the addition of the target (in 

this case E. coli) activated the RCD, which could cleave the ribonucleotide 

junction, linearizing the substrate strand.  The phi29 DP was then able to 

trim the free 3’ end of the substrate strand, which could then serve as a 

primer for RP generation. 
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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-mediated utilizing 
catenane approach and 3’-exonuclease activity of phi29 DP. 
 

2.5 Amplification Methods 

The heart of the RCA process is the ability to produce long concatenated 

DNA products by round-by-round amplification around a CT.  Since its 

introduction in 1995, several groups have investigated the effects of 

different polymerases and CTs on RCA efficiency. As noted below, 
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optimization of the polymerase and the CT sequence can improve the rate 

of RP production by up to an order of magnitude.  However, more recent 

improvements have incorporated various feedback processes to produce 

exponential RCA, which can improve the rate of RCA by several orders of 

magnitude relative to linear RCA, depending on the specific method used.  

Below, we provide an overview of both linear and exponential RCA 

methods, with a focus on their performance, ease of use, and utility for point-

of-care sensing.   

2.5.1 Linear amplification 

The earliest examples of RCA as an amplification method involved a 

polymerase simply extending the primer around the CT to produce long, 

concatenated reaction products that increased linearly in concentration with 

time (Figure 2.8A).  Early work aimed at evaluating the effect of 

polymerases on RCA efficiency have demonstrated that several replicating 

polymerases can be used to drive RCA, including Bst DNA polymerase and 

Klenow Fragment (-exo), though phi29 DP has emerged as the preferred 

polymerase owing to several key features.[152,153]  For example while most 

polymerases require accessory proteins to assist with clamping the enzyme 

to DNA,[154,155] phi29 DP requires no assistance.[156,157]  Phi29 DP also 

possesses the highest reported processivity of a polymerase, at greater 

than 70 kilobases in 40 minutes,[122,156] and excellent proof-reading 

ability,[158,159] with an error rate of only 1 in 104 to 106 bases.[160]  In addition, 
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as noted above, phi29 DP displays 3’ to 5’ exonuclease activity for single-

stranded DNA,[161,162] providing an alternative avenue for designing input 

strategies. Phi29 DP also does not require the help of any helicase proteins 

as it exhibits excellent strand displacement properties.[123] Finally, and 

perhaps most importantly for POC testing, phi29 DP can operate at room 

temperature, unlike Bst DNA polymerase and Klenow Fragment (KF), both 

of which require elevated temperatures to operate.  These factors have 

helped make phi29 DP a powerful polymerase for simple and effective RCA 

applications, particularly those that are amenable to POC sensing 

applications.[73,74,152,153] 

Optimization of the circular template (CT) length and sequence can also 

be used to improve the efficiency and rate of RCA. Li et al. showed that 

DNA coding strategies can be employed to design optimal circular DNA 

templates generated through in vitro selection.[111] Amplification efficiency 

was maximized for certain CT nucleobase compositions, with a strong bias 

towards adenosine and cytosine-rich CT sequences, which comprised 

85.4% of the nucleotides in the top 10 most efficient sequences. The 

optimized CT yielded detection limits that were an order of magnitude better 

than obtained with unoptimized CTs, producing the lowest reported LOD for 

aptameric thrombin detection at 1 pM.  CT length may also be modified to 

impact amplification efficiency when care is taken to modulate the 

conformational strain in the CT.[163]  Joffroy et al. observed that RCA 
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amplification efficiency was maximized when a CT contained an odd 

number of helical half turns instead of an even number (~10.3 base pairs 

per turn) and the conformational strain was maximized. Simulations showed 

that sequences with maximized CT strain outperformed minimized 

sequences, amplifying up to 6-fold better. Amplification efficiency was also 

improved as the overall size of the CT was decreased, stressing the 

importance of minimizing overall CT length.  

In addition to optimizing the polymerase and CT, there are additional 

modifications that can be made to improve the rate of linear RCA. For 

example, incorporating multiple primer regions to facilitate multiply primed 

RCA can increase amplification more than three-fold in some 

applications[152]. Multiply primed RCA uses several primers complementary 

to different unique regions along the CT, allowing each to initiate RCA 

concurrently. Incorporation of PEG 4000 at concentrations from 10 - 20% 

can also improve RP generation and uniformity, particularly when RCA is 

performed on a solid surface.[164] Liu et al. observed that generating RCA 

on a nitrocellulose surface also led to improved RCA efficiency.[98]  In each 

case, the authors attributed the improvement in RCA rates to a molecular 

crowding effect, which increased local concentrations of RCA reagents. 

The final method to increase RP concentration, and hence decrease 

limits of detection when using linear RCA, is to increase reaction time, 

though this can be a challenge for rapid monitoring applications.  Hence, 
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even when optimized, linear RCA methods can provide at most 1000-fold 

amplification within 1 h.[85]  Even so, this amplification factor may be 

adequate in cases where only moderate improvements in LOD are needed 

relative to unamplified assays. Hui et al.’s paper-based ATP and GDH 

aptasensors achieved sensitive fluorogenic detection in stool samples 

without any amplification.[112]  To allow for equivalent detection sensitivity 

using equipment-free detection, the assay incorporated RCA to allow for 

colorimetric detection, which was as sensitive as the unamplified 

fluorogenic assay when using an amplification time of 1 hour.  

2.5.2 Exponential RCA (E-RCA) 

Although many assays can be achieved using linear RCA methods, in 

cases where ultrasensitive detection or more rapid generation of detectable 

RP concentrations is required it is necessary to implement exponential 

methods of RCA (E-RCA).  Examples include detection of pathogens of both 

bacterial and viral origin,[165] where detection of as low as 1 organism is 

required,[166] and early detection of disease biomarkers, which are present 

at low concentrations.[167] Monitoring of the response to targeted 

therapies,[168] which is a cornerstone of precision medicine,[169,170] can also 

make use of these ultrasensitive approaches. In many cases, it is necessary 

to detect the analytes in complex biological samples, including blood, 

faeces, saliva or sputum, which may require sample dilution to reduce the 

effects of interferants within the matrix, further reducing analyte 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

48 
 

concentration.[171] In such cases amplification levels of 106 to 109 may be 

required, which requires exponential amplification systems to be achieved 

in a timely fashion.   

In the case of RCA, exponential amplification is achieved through the use 

of various feedback processes which allow for cross-amplification. This is 

typically accomplished by incorporating some means to generate additional 

primers after the initial linear amplification step begins. Specific methods to 

produce E-RCA are described below, with emphasis on specific design 

considerations and their potential for use in simple POC sensors.  

2.5.2.1 Enzyme-Assisted Exponential Amplification 

Several exponential RCA methods utilize a secondary enzyme in addition 

to phi29 DP to process the RCA product in a manner that can generate new 

primers to allow cross-amplification.  Examples include nicking RCA and 

circle-to-circle (C2C) amplification (Figure 2.8B and 2.8C, respectively), 

both of which employ additional enzymes to achieve E-RCA. Nicking RCA, 

also known as primer-generation RCA, uses nicking endonucleases to 

monomerize the long concatemeric RP, thereby generating new monomeric 

primers to initiate amplification on other CTs.  The nicking site is engineered 

in the CT so that the nicking enzyme can cleave along the complementary 

RCA product.[172]   Nicking RCA can also incorporate multiple antisense 

nicking sites into the CT to yield different unique monomers, as shown by Li 

et al. in their exonucleolytic digestion-assisted E-RCA strategy.[173]  By 
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incorporating two nicking sites, one complementary repeat of the CT can be 

cleaved into two linear pieces. The first acts as a primer to initiate 

exponential amplification, and the second forms a G-quadruplex structure 

that can be probed fluorescently (see Section 2.6). Incorporation of the 

exponential primer feedback can improve the LOD of targets by as much as 

five orders of magnitude relative to unamplified detection, and 2-4 orders of 

magnitude better than for linear RCA.[83,116,173]  

C2C amplification is another multi-enzyme E-RCA method, first reported 

by Nilsson et al. as an extension of their work on padlock probes.[90] C2C 

amplification consists of two primary steps. First, linear RCA proceeds in 

the presence of a primer to generate a long RCA concatemer. This RCA 

concatemer is then monomerized by a restriction enzyme, and then 

following heat inactivation of the restriction enzyme, each monomer is 

circularized using T4 ligase to act as a new CT.  In this work, Nilsson and 

co-workers showed a sensitivity improvement of nine orders of magnitude 

in under an hour in comparison to the analogous linear RCA reaction, 

though the multi-step process and need for heating make the method 

difficult to implement in simple POC assays.   

It is also possible to integrate non-RCA isothermal amplification methods 

in combination with RCA to achieve exponential amplification.  This 

approach has been demonstrated with exponential amplification methods 

including loop-mediated isothermal amplification (LAMP),[174,175] catalytic 
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hairpin amplification (CHA)[176,177] and strand-displacement amplification 

(SDA).[178,179] In most cases, linear RCA is used as the primary amplification 

method, and the concatenated RP is used directly as the input to supply 

primers for the subsequent exponential ITA scheme. These assays can 

increase assay sensitivity 1000-fold compared to their original ITA 

methods[174] but in most cases these secondary ITA methods require 

operation at elevated temperatures, making them challenging to integrate 

into  POC sensors.  In addition, incorporation of additional enzymes can 

impact the storage considerations, making NAs a more chemically and 

thermally robust alternative. These methods also increase the complexity of 

the assay, as the initial amplification is often performed prior to initiating the 

second amplification step, requiring significant user intervention to control 

reaction timing. 

2.5.2.2 Hyperbranched RCA (H-RCA) 

Hyperbranched RCA (H-RCA), sometimes referred to as ramification 

amplification,[180] can produce exponential RCA at room temperature 

without requiring additional enzymes (Figure 2.8D). First introduced by 

Lizardi et al. to detect point mutations in human genomic DNA,[85] this has 

emerged as the most popular method of E-RCA. H-RCA employs two 

unique primers: one complementary to the CT, and the other 

complementary to a region of the amplicon. After the first primer is 

elongated by phi29 DP, the second primer binds to the RP and initiates a 
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secondary amplification complementary to the RP. This creates a branched 

system of replication where the linear RP is used as the template for 

exponential amplification. Some assays opt to use Bst DP instead of phi29 

DP for H-RCA as this DP shows excellent strand displacement and 

processivity but does not exhibit 3’ exonuclease activity.[181,182] H-RCA has 

been paired with a number of FNAs[116,128,132,181–185] including 

DNAzymes.[151]  Typically, H-RCA methods can improve amplicon 

production, and hence detection limits, by as much as 104 relative to linear 

RCA,[116] with detection limits being several orders of magnitude below the 

affinity constants for the aptamer MRE.  However, attaching such 

ultrasensitive detection limits can require reaction times of up to 3 h or 

more.[116]   

H-RCA is also amenable to pairing with nicking enzyme amplification to 

yield netlike H-RCA (N-RCA) for cubic amplification.[186] This method can 

improve sensitivity by more than an order of magnitude compared to H-

RCA, and has been used to detect both NA[187] and protein[188] targets, but 

has yet to be paired with FNA-based detection.   

For detection methods that benefit from a uniform RP sequence, dendritic 

RCA can be incorporated as a variation on H-RCA.[189]  A caveat for H-RCA 

is that the second RP is generated by amplification of the first RP, making 

two complementary RP strands.  In dendritic RCA, an additional hairpin 

sequence is included which is complementary to both the RP and CT.  Upon 
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RP generation, this hairpin sequence unfolds, exposing the stem region 

which can subsequently be amplified by the same CT or by a secondary CT 

(Figure 2.8E).[190]  In contrast to H-RCA, as the RP is exclusively generated 

using CTs throughout, the length of the RPs are limited by the kinetics of 

the polymerase rather than the length of the template RP being used.[85] 

Importantly, this dendritic RCA method retains the ability to encode the CT 

to allow generation of various RP outputs for strategic downstream sensing, 

which is not possible with traditional H-RCA.[190,191]  Dendritic RCA has been 

used to detect NAs[189,190] and very recently expanded to the non-NA target 

PDGF-BB.[107]  

2.5.2.3 DNAzyme Feedback Amplification 

DNAzyme Feedback Amplification (DFA) is a recently reported method 

that utilizes RCA initiated generation of a DNAzyme to achieve E-

RCA[121,192] (Figure 2.8F). The CT encodes a DNAzyme in the RP and is 

bound to a DNA primer (P2), found in Complex II, that includes a 3’ 

overhang containing a substrate for a RCD, and an inverted 3’ dT to prevent 

phi29 DP from acting as a 3’-exonuclease to trim the overhang.  

Amplification is initiated when an appropriate primer (P1), found in Complex 

I, is produced via target-modulated primer generation by the FNA, as 

described in Section 2.4.  The primer can bind to excess free CT to initiate 

linear amplification, which produces a RCD as a repeating unit in the RP.  

This RCD then cleaves P2 at the RNA junction, leaving the DNA overhang, 
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which is acted upon by PNK to produce an unblocked 3’ terminus. The 

exonuclease activity of phi29 DP then trims the overhang and proceeds to 

generate the mature primer P1 that can initiate RCA to produce more RP, 

resulting in cross-feedback amplification.    

DFA is an interesting case of a multi-enzyme E-RCA method, where the 

second enzyme is a DNAzyme rather than a protein enzyme.  This method 

specifically highlights the power of RCA assays to produce the secondary 

enzyme directly, which can be used to achieve exponential amplification 

through a cross-feedback mechanism.  

DFA is versatile in that any RCD for a NA or non-NA target could 

potentially be incorporated into the assay framework. Thus far, DFA has 

been used to detect miR-21, an RNA target, by using the miRNA target as 

a primer and the Mg2+-sensitive MgZ as the RCD.[121]  Detection of 

Escherichia coli (E. coli) was also achieved by making two alterations to 

Complex I. First, P1 was redesigned to contain a 3’ overhang with a 

ribonucleotide, like Complex II. Second, the DNAzyme EC1 was added to 

the system to bind the overhang region and cleave the P1 ribonucleotide 

only in the presence of E. coli, which is a means of FNA-triggered primer 

generation. The CT still produced the MgZ DNAzyme, which could cleave 

the substrate on complex II, producing exponential amplification.  Such an 

approach allowed single cell detection limits for E. coli.  By modifying the 

substrate in Complex I as was done for E. coli detection, DFA has been 
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extended to the detection of miRNA cancer biomarkers in liquid biopsy 

samples, with the output linked to a glucose meter (see Section 2.6)[193] and 

further modified for  Pb2+ detection in river water samples using a Pb2+-

DNAzyme.[194] While DFA is a potentially powerful E-RCA method, it should 

be noted that the ribonucleotide-containing DNA sequences in Complex II 

are susceptible to nuclease degradation,[195] potentially making the DFA 

system less suitable for some POC applications, such as those that use 

complex samples that may contain ribonucleases. 

2.5.3 Pre-amplified RP as MREs 

Integrating an amplification step into an assay is not always required to 

reap some of the benefits of RCA.  The production of substantially elevated 

localized concentrations of DNA has allowed for the visualization of single 

molecules of long RCA-derived amplicons.[84,85,196] In several assays, the 

RP has been used as a pre-amplified sequence not dependent on the 

presence of target, but instead generated to act as a MRE.[197–199] Further, 

using pre-amplified RP eliminates any time restrictions posed on the assay 

thus sidestepping the need to optimize the amplification efficiency.  Other 

creative uses of RCA amplicons as MREs or as a polymeric biomaterials 

have been thoroughly discussed in a recent review found here.[200]  

In one example, Gu et al. generated a competitive structure-switching 

assay for the detection of okadaic acid (OA) where the the pre-amplified RP 

is introduced to the reaction, using the aptamer region as an anchor.[201]  



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

55 
 

The competitive binding assay with the OA aptamer causes a structure-

switch and releases the RP from the surface which could be extracted from 

the supernatant and detected downstream.  Achieving a LOD of 1 pg/mL 

(1.24 pM), the authors observed that incorporation of this pre-amplified RCA 

improved the LOD 50-fold compared to an unamplified capture strand. 

Aptameric RP was used by Zhao et al. to create a 3D-DNA network of 

RP capable of binding to target surface proteins on potentially cancerous 

cells for capture and quantification.[199]  This approached engineered 2 

functional sites into the CT used to generate the DNA network, giving it two 

roles within the assay. First functional site, the target aptamer antisense 

sequence was incorporated into the CT. Generated aptameric RP is then 

capable of binding to the protein PTK-7, a cancer marker. The second, an 

encoded restriction site, allowing for release of captured cells upon addition 

of the restriction enzyme. The authors note that in theory, by incorporating 

different restriction sites, cells could theoretically be analysed sequentially 

upon each RE addition to the 3D network. These two functional sites enable 

both target recognition as well as detection. 

Li et al. investigated the degree of amplification required to maximize the 

surface capture potential of aptamer-containing RPs for E. coli detection.[202]  

Here, the authors compared functionalizing a PDMS surface using 

dendrimers coated with either single unit aptamers, or with RPs generated 

at varying amplification times.  Interestingly, they observed that maximum 
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retention of E. coli was achieved after 2 hours of RCA as higher degrees of 

amplification led to decreased capture capacity which the authors attribute 

to non-specific intramolecular interactions within the RP.  Further, not only 

was capturing efficiency lost but specificity was adversely affected too with 

amplification times at 12 hours showing poor target capture and little to no 

specificity. 

In a contrasting approach, Carrasquilla et al. used an inkjet printer to 

deposit RP directly on cellulose to generate a localized scaffold of highly 

concentrated DNA for enhanced analyte detection.[197]  This printed RP 

“bioink” acted in the same way as a long-chained aptamer might, with each 

repeat unit capable of aptamer binding. When printed onto the paper 

surface, the authors found the bioink was was too large to migrate across a 

cellulose surface but could still retain aptameric function in the presence of 

analyte.  In contrast, monomeric aptamers were not able to perform due to 

their propensity to be displaced from the cellulose surface during sample 

addition. Inkjet printing can be a convenient form of assay development, as 

it allows for the incorporation of internal references and multiplexed 

detection. 

Liu and co-workers compared the analytical performance of an 

immobilized monomeric aptamer (1D) relative to a concatemer of aptamer 

strands (2D), or a superstructure known as a DNA nanoflower (NF)[203] 

comprised of several concatemers of aptamer strands (3D).[198] The surface 
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density of the aptamers within the 3D amplicon was 4.6 to 8.1-fold higher 

than the 1D and 1.9 to 3.1-fold higher than the 2D variants.  This enhanced 

localization of aptameric units improved the signal-to-noise ratio of the 

thrombin-binding system of the 3D construct by over four-fold relative to the 

1D construct.  Further, the 3D variant showed notable resistance to 

nuclease degradation and prevented non-specific protein adsorption onto 

the nitrocellulose surface – both key considerations for paper-based 

biosensors (see Section 2.8.3). 

 

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. 
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2.6 RCA Detection Outputs 

2.6.1 Overview of Detection Methods 

Several different approaches can be used to detect RCA reaction 

products, some of which, some of which are independent of the specific RP 

sequence, and others which require encoding a specific sequence into the 

CT to generate an antisense sequence in the RP that is used specifically as 

part of the detection system.  In general, the detection methods are 

independent of the input methods outlined in Section 2.4, though as noted 

below, there are very specific requirements for the design of CTs to allow 

compatibility with some exponential RCA methods such as H-RCA.   

Detection of RP can be divided into four broad categories: 1) detection of 

RCA reaction by-products (i.e., protons, inorganic phosphate, labelled 

dNTPs); 2) intercalation or adsorption of signalling moieties into or onto the 

RP; 3) hybridization of DNA carrying a detection moiety to the intact or 

monomerized RP or; 4) production of a G-quadruplex or DNAzyme output 

(PMD or RCD).  The first two methods are compatible with any output 

sequence, while the latter two methods require specific CT sequences to 

generate outputs that allow signal generation. These outputs can generally 

be used to produce colorimetric, fluorescent, or electrochemical outputs, as 

shown in Figure 9.  We have chosen to focus on these outputs owing to 

their compatibility with POC devices, and in particular due to the availability 
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of simple and portable readers to meet the ASSURED criteria and allow use 

in low-resource settings.[204–206] 

We note that in addition to these three signalling methods, there are 

several other sensitive instrument-based detection methods for direct 

detection of RPs.[73,74,207]  These include methods such as surface plasmon 

resonance (SPR) to measure changes in optical mass of growing 

RPs[141,208–210], surface-enhanced Raman spectroscopy (SERS) to measure 

vibrational bands within RPs, [211–213]and detection of RP mass using quartz 

crystal microbalance (QCM) measurements.[141,214,215] However, such 

methods are not currently possible using simple and portable 

instrumentation, and will not be covered here as they are not compatible 

with the ASSURED criteria. 

  

 

Figure 2.9. Examples of methods of detection and signal readouts 
employed for RCA detection. 
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2.6.2 Generic Detection Methods with Unstructured RPs 

2.6.2.1 Monitoring RCA by-products 

The simplest strategy for the detection of RP involves monitoring the by-

products of amplification. In addition to the concatenated DNA strand, the 

RCA reaction also produces a proton (H+) and pyrophosphate (PPi) for each 

dNTP added to the RCA product,[216] which can be probed to indirectly 

assess RP generation.  Detection of RCA-mediated pH changes can be 

achieved by using pH indicator dyes[217], and pH paper[187], for colorimetric 

detection.  To date, no RCA examples utilizing fluorescent pH indicator dyes 

have been reported.  Likewise, though pH meters are common in 

electrochemistry, no method has been reported for RCA by-product 

monitoring. Accounting for the variability in pH of real samples poses a 

challenge to these styles of assay, especially in POC scenarios. While 

monitoring of pH is simple and cost-effective, it should be noted that 

indicator dyes are sensitive over a relatively narrow pH range, requiring 

careful control of initial solution pH. Solutions with low buffer capacity are 

generally required to achieve adequate changes in pH, which can require 

significant sample processing prior to RCA to obtain good sensitivity.[218,219]   

The detection of PPi is typically achieved by monitoring the chelation of 

PPi with Mg2+ in the reaction buffer, which depletes the amount of free Mg2+ 

and causes a color change.[220]  The hydroxy napthol blue (HNB) metal 

indicator dye from turns from violet (Mg-HNB) to sky blue (free HNB) as the 
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concentration of free Mg2+ decreases.  It was reported however, that the 

violet-to-blue color change may not be easily observed by eye, requiring a 

plate reader.  Fluorometric monitoring of PPi as an RCA by-product has 

been reported, where a terpyridine-Zn(II) complex (ZnCl2L) specifically 

binds to the PPi by-product and triggers fluorescence.[91,221] In this case the 

ZnCl2L is fluorogenic, and will only fluoresce when bound to PPi, avoiding 

the need for a washing step to remove unbound reagent. 

2.6.2.2 Incorporation of Labelled dNTPs 

An alternative method to monitor RCA reaction products is to incorporate 

labelled dNTPs directly into the reagent pool used to generate the RCA 

product.  This is most commonly done using fluorescently-tagged dNTPs, 

where either the consumption of free dNTPs or generation of the fluorescent 

RP can be monitored.[196,222–224]  While the detection of labelled 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, unincorporated nucleotides must be removed using a washing 

step to eliminate background fluorescence.  A significant drawback of using 

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

labelled dNTPs must be incorporated into the RP to provide good detection 

limits.  To this issue, Linck et al. reported that a novel dye was able to reduce 

costs by one-sixth relative to a Cy3-labelled dUTP.[222]  The authors noted 

that direct addition of the dNTPs into the RP also avoided the need for 
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subsequent processing steps, as the signal is generated during the 

polymerization reaction rather than during a subsequent reagent addition 

step.  

2.6.2.3 Intercalating Species 

As RCA generates a substantial amount of DNA, fluorescent DNA 

intercalating dyes offer a general method to detect RP without the need to 

encode specific outputs into the CT.  The dyes are often fluorogenic cyanine 

or rhodamine derivatives and undergo conformational changes upon 

binding to single- or double-stranded DNA sequences, resulting in large 

increases in their quantum yield (up to 1000-fold), and hence their high 

emission intensity.[225]  The background emission from such dyes is typically 

very low, avoiding the need for a washing step to remove unbound dye.  

Intercalating dyes are also able to monitor RP formation in real-time, which 

make assays based on dynamic signal changes possible.  Taken together, 

this makes intercalating dyes well suited for POC applications using RCA.  

It is important to note that these dyes can also bind directly to the CT, and 

hence can potentially affect the thermodynamics and kinetics of the 

polymerase reaction,[226] and can produce high background signals that can 

impact detection of low levels of RP.   

A large number of studies have utilized intercalating dyes for both 

solution and solid-phase assays (see sections 5 and 6), with typical dyes 

including SYBR Green I, SYBR Green II, Eva Green, SYBR Gold, and 
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QuantiFluor.[101,113,116,119,125,132,143,181,199,227–229]  These dyes offer a wide 

range of properties, including various excitation/emission wavelengths, 

selectivity for certain DNA sequences over others, different affinities for 

DNA relative to RNA, or different affinities for single- or double-stranded 

DNA.  Hence, it may be necessary to evaluate several dyes to optimize a 

given RCA based assay.  

2.6.3 Detection using Selective Hybridization or Adsorption of Signalling 

Moieties 

While the examples above could utilize any RP sequence and hence did 

not require any encoding of outputs into the CT, such methods can suffer 

from background signals if there are endogenous NAs that can bind to 

intercalating dyes or affect detection of reaction by-products.  To increase 

detection selectivity it is possible to encode specific sequences into the CT 

so that the multiple repeats of the antisense sequence appear in the RP. 

Among the most common methods for detection of RCA products is the 

hybridization of specific NA sequences to complementary sequences on the 

RP, which can produce a variety of detection outputs.  A summary of these 

methods is provided below.   

2.6.3.1 Hybridization of Peptide Nucleic Acids 

For colorimetric outputs, a typical approach is to hybridize peptide nucleic 

acids (PNA) to the RP, followed by aggregation of specific dyes into the 

PNA-DNA complex.  DisC2 (3,3’-diethylthiadicarbo-cyanine) is a common 
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dye that aggregates to the PNA-DNA duplex,[230,231] causing a blue-to-

purple color change.  This method can reduce background signal 

generation as PNA is not native to biological samples and is not vulnerable 

to nucleases,[232] though the color change can be difficult to determine by 

eye. This assay can also be relatively slow at room temperature, and thus 

may require a heating step to increase the rate of the color change.[120] 

2.6.3.2 Hybridization of AuNP-Labelled DNA 

Complementary DNA sequences directly labelled with reporter 

molecules can also be used to bind to the repeating units in the RP.  For 

colorimetric detection, the most common reporter is gold nanoparticles 

(AuNPs),[98,115,233] which have found widespread use for colorimetric 

biosensing owing to their distinctive red color and large molar absorptivities 

relative to other organic dyes.[234,235] The high absorptivity is due to the 

presence of localized surface plasmon resonance (LSPR) in the AuNP, 

which causes absorbance of light that is in resonance with the surface 

plasmon. The wavelength absorbed is highly dependent on nanoparticle 

size, shape, and immediate environment,[234] making AuNPs highly 

tuneable for biosensing applications.[236]  AuNPs are also easily modified 

with thiolated DNA through the well-known sulfur-gold interaction,[237,238] 

allowing AuNPs to be modified with specific DNA sequences (AuNP-DNA) 

that can hybridize to repeating segments of RPs. It is important to note that 

AuNPs are relatively large (diameter of 5 – 20 nm or more) and carry 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

65 
 

multiple DNA strands per particle, and hence can bind across multiple 

regions of RPs, or to multiple RPs, which can increase overall binding 

affinity but may also promote aggregation.  Examples of assays using 

AuNPs will be covered in Sections 2.7 (solution assays) and 2.8 (solid-

phase assays).  

2.6.3.3 Hybridization of DNA Labelled with Fluorophores or Redox Probes 

DNA sequences can also be modified with small molecules, and unlike 

AuNPs, the hybridization sequences typically contain one signalling moiety 

per strand.  A common detection approach involves the hybridization of 

DNA with covalently bound fluorescent probes (F-DNA) to the RP.[136,239–246]   

Under optimized conditions, this method can be applied successfully for 

single molecule detection using RCA.[85–87]  Although this method normally 

requires a washing step to remove unbound F-DNA, it is possible to 

implement methods such as dipstick-based strategies to directly separate 

bound and unbound probes.[239]  Unlike intercalating dyes, hybridization of 

F-DNA is selective for the output sequence in the RP, thus minimizing 

interactions with background NAs.  Most commonly, F-DNA is a DNA strand 

modified with a fluorescent linker such as a fluorescein or cyanine 

derivative.  However, less common fluorophores such as quantum dots can 

also be used.[245]     

For electrochemical detection, hybridization probes are modified with 

electrochemically active reporter molecules. Various reporter labels can be 
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attached to single stranded hybridization probes, including those that 

otherwise would have no affinity for DNA. These can include methylene 

blue,[281] ferrocene,[125] AuNPs,[125] or quantum dots.[137] In these cases, the 

mediator binds to RP that is tethered to an electrode surface.  Gold 

nanoparticles themselves can play a large role in signal amplification 

because they can assist in electron transfer along the long surface area of 

bound RP.[141,210,247]  The presence of the redox mediator along the RP 

allows for generation of a current based on oxidation or reduction of 

mediators that are in close proximity to the electrode surface.  As with 

fluorescently-labelled hybridization probes, it is necessary to employ a 

washing step to remove unbound probes that could contribute to 

background current. 

2.6.3.4 Hybridization of Molecular Beacons 

An interesting method to overcome the need for a washing step is the 

use of molecular beacons (MBs) as hybridization probes.  These single-

stranded DNA sequences form a hairpin loop structure with the termini 

modified with a fluorophore-quencher pair, a conformation that quenches 

the fluorophore.[248]    Upon hybridizing to the RP, the MB adopts an 

extended conformation that separates the fluorophore and quencher ends, 

resulting in a 15- to 20-fold increase in fluorescence emission intensity. 

Given the ability to avoid a washing step and the selective binding to the 

RP, multiple groups have utilized this approach for sensitive detection of 
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RCA products generated from both FNA initiated and nucleic acid initiated 

RCA.[110,111,135,249–253]  Careful design of the CT is required to maximize 

signal generation with MBs as intermolecular quenching of neighboring 

fluorophores present in the concatemeric monolith can occur when 

quencher arms are not hybridized to the RP.[254]  It has been observed that 

RPs that fully bind to the Q-labelled arm, but not the F-labelled arm, led to 

the best signal contrast.  In addition, it is necessary to protect the 3’ end of 

the MB using species such as 2’-O-Me-RNA to prevent exonucleolytic 

digestion of the MB by the phi29 DP.  

An advantage of MBs (and also hybridization of F-DNA species) is the 

ability to use fluorophores with different excitation/emission wavelengths 

bound to different DNA sequences to allow one-pot multiplexed detection of 

RPs generated by two distinct targets initiating RCA with distinct CTs, or to 

incorporate a control CT as an internal reference for normalizing variability 

in assay conditions.[254]   

2.6.3.5 Hybridization of DNA-modified Enzymes  

To improve signalling levels, it is possible to bind an enzyme to a DNA 

sequence that hybridizes to the RP, which provides a second level of 

amplification and can dramatically improve detection limits.  The attachment 

of the enzyme is typically done by first binding biotinylated DNA to the RP, 

followed by the addition of streptavidin-modified recombinant enzymes.  

This approach has been widely used for colorimetric detection, using 
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enzymes such as glucose oxidase (GOx) to produce pH changes upon 

formation of gluconic acid,[184]   which can be detected using pH indicator 

dyes. Avoiding buffer capacity issues with monitoring pH changes, 

horseradish peroxidase (HRP) can reduce chromogenic substrates such as 

3,3',5,5'-tetramethylbenzidine (TMB)[255–258] in the presence of peroxide to 

generate  colorimetric or electrochemical outputs for RCA-based assays.  

Importantly, the RCA reaction must reach completion before colorimetric 

detection can occur as the peroxide can denature the DP. 

Redox active enzymes can also be hybridized to RPs to generate RCA-

linked electrochemical assays.  A commonly used enzyme is alkaline 

phosphatase (ALP),[96,259] which is used to convert ascorbic acid 2-

phosphate into ascorbic acid, subsequently reducing silver ions which are 

deposited on the electrode and monitored by linear sweep voltammetry.  

Alternatively, streptavidin-tagged GOx can be added to a biotinylated probe 

on an immobilized RP for subsequent redox monitoring of pH changes 

associated with the oxidation of glucose,[260,261] though these methods suffer 

similar drawbacks to other pH based detection strategies such as the need 

for careful control of buffer capacity and initial pH.  It is also possible to 

hybridize DNA carrying an invertase enzyme, which is used sucrose into 

fructose and glucose.[193,262–264]  The latter product can be detected directly 

using a personal glucose meter (PGM), which can allow for operation in 

complex biological media (see Section 2.8). 
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2.6.3.6 Dequenching of Hybridized Sequences using Nicking Enzymes 

Alternatively, nicking enzymes can be used to generate a fluorescence 

signal through site-directed cleavage of a hybridized DNA strand carrying a 

fluorophore quencher pair.  The DNA can be hybridized to repeating units 

of the RP with a nicking site placed between the fluorophore and quencher 

with subsequent nicking causing release of the F-DNA from the quencher 

(Q-DNA) and a corresponding increase in fluorescence intensity. This 

approach may be more sensitive than traditional MBs as the nicking enzyme 

can cleave multiple probes per monomeric unit, whereas MBs only produce 

one signal once per RP monomer.  The released cleavage products (F-DNA 

or Q-DNA) can also be used as a secondary primer to provide an 

exponential RCA output due to their inherent complementarity to the CT.[252]  

Similarly, the use of AuNP as an alternative quencher has also been 

explored.[265]   

2.6.3.7 Nanoparticle Adsorption to RPs 

Adapting the CT to produce long stretches of either adenine or thymine 

bases in the RP can allow for signalling based on nanoparticle adsorption 

to the RP, which is typically detected using an electrochemical method that 

takes advantage of the conductive nature of metallic nanoparticles.[266]  

Given that many nanoparticles can adsorb to a RP, these moieties can play 

a large role in signal amplification because they can assist in electron 

transfer along the surface of bound RP.[141,210,247] The two most common 
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systems involve the adsorption of preformed AuNPs to polyadenosine DNA 

sequences in the RP[267] and production of copper nanoparticles (CuNP) 

along a RP via reduction of Cu2+ onto polythymine-rich RPs in the presence 

of ascorbate.[260]  In the latter case the CuNP can either be detected by 

monitoring the oxidation current for subsequent production of Cu2+ or by 

monitoring the oxidation of a redox probe during the initial reduction of Cu2+ 

to form the CuNP.[280]     

2.6.4 Detection using RPs Incorporating G-Quadruplexes 

It is also possible to encode G-rich output sequences into the RP that can 

fold into highly structured moieties such as G-quadruplexes,[268]  which are 

present as a specific repeating component of RPs. These guanine-rich 

sequences can fold into several different four-stranded topologies formed 

via intermolecular or intramolecular association induced by Hoogsteen 

interactions between guanine bases.[269] There are several G-quadruplex 

specific fluorescent dyes,[270–272] however RP detection has thus far been 

demonstrated only with Thioflavin T (ThT),[173,190,273–275]  N-methyl 

mesoporphyrin IX (NMM),[117,191,276–278] and protoporphyrin IX (PPIX)[279–281] 

using either FNA-initiated or NA-initiated RCA.  These dyes are similarly 

sensitive with detection limits ranging from picomolar to as low as 

attomolar[273] when exponential RCA is used.  However, while both ThT and 

NMM dyes have been used for real-time monitoring of amplification signal, 

PPIX has not yet been used for real-time monitoring of RCA.   
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An advantage of detection based on dye-binding to G-quadruplexes is 

the specificity of the binding interaction, which can reduce nonspecific 

background signals from interfering with NA species.  This can be an issue 

for general intercalating dyes that bind unstructured single- or double-

stranded DNA.  A disadvantage of the use of G-quadruplexes is the lower 

overall signal enhancement upon binding (typically 10- to 20-fold 

enhancements in emission intensity upon G-quadruplex binding versus up 

to a 1000-fold enhancement for SYBR Gold binding to DNA), which can 

result in higher background signal levels.  For this reason, strategies using 

fluorescent G-quadruplex binding dyes commonly incorporate nicking 

enzymes for exponential RCA to generate sufficient G-quadruplex binding 

regions.  Often these enzymes require elevated temperatures for optimal 

activity thus potentially limiting its utility as a POC approach. 

G-quadruplex outputs can also be used to selectively intercalate redox 

probes.  Subsequent reduction or oxidation of these probes changes the 

overall chemical environment which can be readily monitored via changes 

in current or impedance. Common redox probes include methylene 

blue,[126,138,194,282–287] molybdate-[288–291] and ruthenium-based[292,293] DNA 

intercalating complexes. There are two common formats for the use of 

intercalating redox probes.  In the first, the RP is immobilized on an 

electrode and with the intercalation of the mediator with the RP brings the 

mediator in close proximity of the electrode, thus increasing the measured 
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signal. [282]  Alternatively, RCA reactions can be carried out free in solution 

to produce RP rich in G-quadruplex subunits.  Free mediator in solution 

intercalates with the RP, thus reducing its availability at the electrode 

surface and hance decreasing the current.[285] 

2.6.5 Detection using RPs Incorporating DNAzymes 

An alternative to hybridizing enzyme-DNA conjugates to RP is to produce 

RP that contain repeating DNAzymes units that catalyze reactions that can 

be detected by optical or electrochemical methods.  This is commonly 

achieved by incorporating a peroxidase-mimicking DNAzyme (PMD) into 

the RP, which will contain hundreds to thousands of PMDs per RCA 

reaction.  Reported nearly 3 decades ago,[43] the PMD is a specific G-

quadruplex that can form a complex with hemin, resulting in HRP-mimicking 

peroxidase activity.[294] These G-quadruplex sequences enhance the 

natural peroxidase activity of hemin upon binding and therefore can be 

utilized with common optical and electrochemical peroxidase assays, 

making them attractive as reporter elements for biosensing.[295] Importantly, 

the direct formation of the PMD in the RP overcomes the need to hybridize 

an external enzyme and remove excess unhybridized enzyme with a 

washing step, making it more compatible with POC diagnostics. There are 

many examples of RCA-based assays that use PMDs to produce 

colorimetric outputs based on oxidation of 2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid (ABTS),[112,131,140,151,296–300] or 
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TMB,[98,112,114,255] which will be covered in detail in Sections 5 and 6.  It must 

be noted, however, that as is the case for HRP-based assays, long-term 

peroxide stability becomes a challenge for operation in a POC setting. 

PMDs can also be used for fluorescence-based sensing, based on the 

quenching of fluorescent quantum dot (QD) probes via a peroxidase-

mediated photoinduced electron transfer system.[129,301]  In this approach a 

PMD-containing RP is first generated by RCA followed by hybridization of a 

fluorescent QD-DNA probe.  The proximity of the PMD to the QD causes 

fluorescence quenching owing to QD-to-hemin electron transfer, resulting 

in a decrease in signal intensity in the presence of RP.   

The catalytic action of PMDs can also be monitored electrochemically by 

measuring the current related to the reduction of H2O2.  This method has 

been extensively utilized for monitoring of RCA reactions (see Section 6) 

and is compatible with opaque samples that may not be amenable to 

colorimetric or fluorometric outputs.[302][303]  It is also possible to use the 

PMD to produce an electrochemiluminescence signal wherein the PMD 

catalyses the oxidation of luminol in the presence of hydrogen peroxide 

generation of a luminescence output.[304]   

Alternatively, RCA can be used to produce an RNA-cleaving DNAzyme 

as a component of the RP.  When repeating RCD units are incorporated 

within the RP, they can be used to cleave fluorogenic DNA-RNA substrates 

to generate a fluorescence output.[148,189]  These substrates have a specific 
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DNA sequence that contains a single ribonucleotide cleavage site flanked 

by a fluorophore and quencher, which leads to low fluorescence 

background.  The RP contains many RCDs which can cleave multiple 

substrates per repeat unit, producing substantial fluorescence 

enhancements.[148]  The cleavage reaction is performed at room 

temperature and secondary enzymes do not need to be added following 

completion of the RCA reaction, making this approach more amenable to 

POC applications.  However, it is important to stabilize the RNA-containing 

substrate to avoid the potential for self-cleavage which can increase the 

fluorescence background signal.[195]  

2.7 FNA-Based POC Biosensors Utilizing RCA 

The development of a final FNA-enabled RCA assay requires the 

integration of input, amplification, and detection methods in a manner that 

produces optimal performance in terms of selectivity, sensitivity, and limits 

of detection, while ideally meeting all the ASSURED criteria.  In many cases, 

the development of a POC biosensor begins with the optimization of assay 

parameters using solution-based assays, and it is important to note that the 

emergence of simple commercially available handheld colorimetric and 

fluorometric readers (i.e. the Nix Pro Color Sensor™, or the ANDalyze 

AND1100 Fluorimeter) makes it possible to perform solution-based assays 

at the point-of-care.  For this reason, we first consider simple solution-based 

RCA assays utilizing DNA aptamers or DNAzymes as MREs and producing 
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optical outputs, and then describe how these assays are integrated into 

simple POC devices to produce portable sensors that better meet the 

ASSURED criteria.  We then move on to consider heterogeneous optical 

assays utilizing solid supports such as beads or microwell plates.  Optical 

assays that utilize fluidic systems based on glass, plastic or paper systems 

to enable multistep assays without user intervention are then discussed.  

We then conclude this section with a discussion of RCA-based 

electrochemical biosensors.  

2.7.1 Homogeneous Optical Assays 

Homogeneous assays are designed 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 RCA-enabled sensing strategies as noted in 

several reviews.[305,306]  Herein, we describe homogeneous assays that are 

amenable to use of simple optical readers, and highlight the advantages 

and disadvantages of such methods relative to various heterogeneous 

RCA-enabled assays. We consider both one-step and multi-step 

homogeneous assays, though in general it is best to minimize user steps to 

avoid the potential for user error and minimize assay time.  A full list of 

homogeneous assays is provided in Table 2.1.  Below we highlight some of 

the seminal works in the field.   
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An early example of an RCA-based homogenous assay was reported by 

Di Giusto et al. in 2005, who described a thrombin-targeting assay that was 

able to fluorometrically detect thrombin in real-time within 30 minutes in a 

one-step, one-pot assay.[143] In this case both a linear and circular thrombin 

aptamer were employed for a proximity extension assay (see Section 

2.4.2.2), with the RCA reaction product detected using SYBR Green I with 

a detection limit of 30 pM (Figure 2.10A).  A drawback of this method is the 

low number of targets having two or more distinct aptamers that bind to 

different epitopes, and the need to circularize one of the aptamers, which 

could have detrimental effects on the native binding affinity of the 

aptamer.[113]   

Many homogenous FNA-enabled RCA assays utilize structure-switching 

aptamers to generate inputs to the RCA reaction and fluorescence outputs 

for detection.  Several variations on this approach are described below.  

One of the initial reports on use of structure switching aptamers to modulate 

RCA was by Zhu et al. who developed a simple method for thrombin 

detection that operated by aptamer-based inhibition of a PLP reaction, with 

RP being detected with SYBR Green I (see Section 2.4.2.1).[181] Without 

thrombin, the aptamer is able to hybridize to the ligation strand, preventing 

the formation of a CT and blocking RCA by Bst DP.  Thrombin causes 

switching of the aptamer off the ligation strand, allowing CT formation 
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followed by linear RCA, producing a detection limit of 1 pM, or 

hyperbranched RCA to achieve a 2 fM detection limit in 3 hrs.   

Yang et al. also used a structure switching approach linked to PLP 

inhibition for PDGF detection (see Section 2.4.2.1, Figure 2.5A).[125]  In this 

approach, target binding caused a structural change in the aptamer to 

release the terminal ends, which permitted ligation to convert the aptamer 

into a CT for real-time monitoring of linear RCA with SYBR Green I.  A 

drawback was that the assay required four steps, including a heating step, 

and also required 3 hours to produce a detection limit of 0.3 nM of PDGF.  

However, the assay was also shown to be amenable to detection of PDGF 

in cell lysate with a comparable LOD of 0.4 nM. 

Simple structure-switching systems have also been developed using 

colorimetric outputs.  For example, Liang et al. combined structure-

switching aptamers to control RCA with the adsorption of unfunctionalized 

AuNPs onto the RP to detect carcinoembryonic antigen (CEA).[139]  Once 

again, target binding to an aptamer modulated a PLP reaction (see Section 

2.4.2.1), with target binding permitting ligation and amplification. The final 

LOD was 2 pM using H-RCA, based on a red-to-blue colour transition upon 

AuNP adsorption to the RP (Figure 2.10B), which is a particularly good LOD 

for a colorimetric assay.  The assay was also highly selective with 10000-

fold concentrations of various interferents having no effect on the signal. 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

78 
 

 

Figure 2.10. Homogeneous FNA-RCA assays with optical detection 
methods. (A)  Fluorescence data for proximity extension of circular DNA 
aptamers with real-time detection of the thrombin target. (B)  Visual 
detection of CEA based on PLP ligation, hyperbranched rolling circle 
amplification and AuNP aggregation. Figures adapted from references cited 
in text. 
 

More complicated structure switching systems can be developed by 

integrating the aptamer into a tripartite system comprising the aptamer, a 

pre-primer and a CT (see Section 2.4.1.2, Figure 2.3A), as was 

demonstrated for PDGF-mediated activation of H-RCA.[116]  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 mediated 

exonucleolytic digestion of a pre-primer produces a mature primer to initiate 

H-RCA, with the RP generation monitored in real-time by EvaGreen (Figure 

2.11A, top).  This method could detect 100 fM of PDGF after 15 minutes of 

amplification, and 1 fM of PDGF using an RCA time to 2 hours (Figure 

2.11A, bottom).   Wang et al. used the same tripartite regulation method to 

initiate an initial catalytic hairpin assembly approach that was then coupled 

with exponential RCA, providing a detection limit of 0.2 pg/mL) of OTA in 90 

min (Figure 2.11B).[191]  In addition, a split aptamer variation was reported 
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that utilizing a similar 3’-exonuclease regulation method paired with an 

endonuclease-assisted feedback system (Section 2.4.1.2, Figure 2.3B) for 

the detection of ATP (LOD of 0.09 nM).[117]  Both systems were successfully 

tested against samples of red wine for OTA and human serum for ATP (see 

Figure 2.11C), respectively, with the fluorogenic probe NMM binding to G-

quadruplexes present in the RP. 

 

 

Figure 11. Homogeneous FNA-RCA methods utilizing tripartite structure-
switching systems paired with the 3’-exonuclease 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 simplified variation of the tripartite 

structure-switching assay system that removed the need for inverted dT 

protecting groups on the 3’-end of the pre-primer, as phi29 digestion was 

not used (Section 2.4.1.1, Figure 2.2B).[107]  This approach used a dendritic 

RCA method for exponential amplification and PMDs as the output, 

resulting in the colorimetric detection of PDGF via oxidation of TMB, 

poviding a LOD of 1.96 fM in diluted serum samples.  Though very sensitive 
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for a colorimetric assay, the method required over 3 h to perform and 

required addition of peroxide and TMB following the RCA reaction, adding 

complexity to the assay and preventing real-time signal generation. 

It is also possible to use an internal structure switching system based on 

aptamers that can form hairpin structures.  Here, a weak hairpin is initially 

present, which can be extended with Klenow fragment (KF) to produce a 

strong hairpin, denoted as a shielded aptamer, that is unable to bind target 

or initiate RCA.  Addition of target prior to KF opens the hairpin and prevents 

hairpin extension by KF, thus allowing a primer extension on the aptamer to 

initiate RCA (Section 2.4.1.2, Figure 2.3D).[119]  The aptaprimer approach 

was used for detection of three small molecules, with linear RCA providing 

one-pot, three-step 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 (Figure 

12A), and was amenable to detection of these targets in spiked serum 

(kamaycin and L-tyrosinamide) or red wine (OTA). 

Control of RCA can also be accomplished by having aptaprimers switch 

off a reduced graphene oxide surface (Section 2.4.1.1, Figure 2.2C).[110]  

This approach has been reported for detection of several types of targets, 

including thrombin (protein), ATP (small molecule), and HCV-1 DNA (NA).  

Here, the aptamer was modified with a primer extension, producing an 

aptaprimer that could initiate RCA.  When bound to rGO, the aptaprimer 

was prevented from binding to a CT.  However, release of the aptaprimer 
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upon target binding freed the primer to bind the CT and initiate RCA, with 

the RP being detected by binding of a molecular beacon (Figure 2.12B).  

The authors reported detection limits of 10 pM for thrombin, 60 nM for ATP, 

and 0.8 pM for HCV-1 DNA each with a total assay time of under 3 hours 

with linear amplification.  The thrombin-targeting assay was also shown to 

be amenable to detection in 50-fold diluted human serum, with a LOD of 10 

pM.  In a follow-up paper, Mao et al. further optimized the CT with stronger 

binding to the released aptaprimer to further drive the detection limit down 

and improved the LOD of the thrombin system 10-fold from 10 pM to 1 

pM.[111]    

An alternative method to structure-switching is to use an aptaprimer that 

can either be blocked from priming RCA upon binding of target (Section 

2.4.1.1, Figure 2.2D) to produce a turn-off assay,[101] or used in combination 

with the inherent 3’-exonuclease activity of phi29 DP to produce a turn-on 

assay (Section 2.4.1.2, Figure 2.3C) (Figure 2.12C, top).[118]  In the first 

case, the binding of either thrombin or PDGF to their respective aptamers 

resulted in a reduction in RCA product formation, leading to a detection limit 

of 10 nM for PDGF and 100 pM for thrombin within 1 hour.[101]  By 

incorporating the digestion step along with CT mediated strand 

displacement, an activation assay was produced with detection limits of 100 

pM for both PDGF and thrombin using real-time monitoring of linear RCA 

with SYBR Gold within 2 hours.[118]  Notably however, the activation assay 
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showed signal inhibition at higher concentrations of target (above 10 nM) 

independent of toehold length (Figure 2.12C, middle) which was ascribed 

to the inability of the toehold system to displace the target when the target 

was in large excess.  With clinically relevant levels of PDGF and thrombin 

often falling within only one or two orders of magnitude, the assay could still 

be applicable at the POC.  As well, the assay was optimized for detection 

of PDGF in human plasma or serum (Figure 2.12C, bottom).  As target 

binding confers protection onto the aptamer from nuclease activity, this 

approach may be particularly well suited for nuclease-containing samples. 
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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 aptamer-based homogeneous assays, it is also possible to 

produce such assays under the regulation of DNAzymes.  Liu et al. 

pioneered an approach for the detection of E. coli by using a DNA catenane 

to mechanically lock the system in place until cleaved by the RCD (Section 
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2.4.2.3, Figure 2.7D) (Figure 2.13A, top).[151]  Topologically constrained 

nanostructures that are regulated by the use of DNAzymes can increase the 

specificity of the interaction between the target and FNAs. Amplification at 

the RNA cleavage site cannot proceed until the base is treated with PNK to 

remove the 2’3’ cyclic phosphate, a common cleavage product for several 

RCDs.[307,308]  While this was an individual 30-minute step in this assay, the 

same group has shown that the PNK and amplification steps can be 

combined together.[309] The authors investigated the integration of a PMD 

into the CT for colorimetric linear RCA (Figure 2.13A, middle) and compared 

it to fluorometric hyperbranched RCA (Figure 2.13A, bottom). The linear 

PMD approach (LOD of 1000 cells per mL) required six steps and a 3 h 

assay time, but could be read by eye.  The LOD attained with H-RCA (10 

cells per mL), was far better, and the assay required only three steps and 

2.5 hours, though quantification required a reader.  

Another example of DNAzyme-mediated RCA is the use of DFA to 

achieve exponential signal enhancement when using RCDs as the 

recognition element, as demonstrated by Liu et al. for the real-time detection 

of E. coli. [121] Primary amplification through the cleavage of the unique 

tripartite system (Section 2.4.1.3, Figure 2.4B) allowed for the autonomous 

generation of primers and secondary amplification products (Section 

2.5.2.3).  The two-step isothermal amplification incorporated both cleavage 

and PNK treatment simultaneously and could provide detection of 10 copies 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

85 
 

per mL of E. coli within one hour (Figure 2.13B).  Notably, DFA improved 

detection limits by 1000-fold relative to the unamplified RCD, requiring just 

a single additional step.  Though it has only been demonstrated for mi-RNA 

and RCD-mediated (E. coli) targets, the authors indicate that the assay 

should be amenable to many other analytes so long as generation of 

complex I can be regulated through a molecular recognition event. 

  

 

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. 

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

Colorimetric Detection 

AuNP hyperbranched aptamer structure-switching [PLP] CEA 2 pM many [P] multiple ≥ 2 hrs [139] 

PMD linear DNAzyme RCD E. coli [CM] 1000 cells / mL many [P] multiple ≥ 2 hrs [151] 

PMD dendritic aptamer structure-switching PDGF [CM] 1.96 fM many [P] multiple ≥ 3 hrs [107] 

intercalating dye linear captamer inhibition RCA thrombin 15 nM many [P] multiple ≥ 1 hr [145] 

Fluorometric detection 

cDNA 

(fluorophore) 
linear aptamer inhibition RCA [PLP] aflatoxin M1 [CM] 0.0194 pg/mL many 37 °C ≥ 3 hrs [133] 

G-quad dye enzyme-assisted aptamer structure-switching [PLP] ATP [CM] 84 nM many multiple ≥ 8 hrs [274] 

intercalating dye hyperbranched aptamer structure-switching [PLP] ATP 1 nM many multiple ≥ 2 hrs [183] 

intercalating dye hyperbranched aptamer structure-switching [PLP] ATP 
ATP in a single 

HeLa cell 
many multiple ≥ 2 hrs [183] 

cDNA (MB) linear aptamer structure-switching (rGO) ATP [CM] 60 nM many multiple ≥ 2 hrs [110] 

G-quad dye enzyme-assisted aptamer (split) structure-switching ATP [CM] 0.09 nM 2 37 °C ≥ 1 hr [117] 

G-quad dye enzyme-assisted aptamer structure-switching [PLP] BPA [CM] 54 aM many multiple ≥ 5 hrs [279] 

intercalating dye hyperbranched DNAzyme RCD E. coli [CM] 10 cells /mL many [RT] multiple ≥ 3 hrs [151] 

intercalating dye DFA DNAzyme RCD E. coli 10 cells / mL 2 [RT] 37 °C ≥ 2 hrs [121] 

cDNA (MB, Fr/Q) linear DNAzyme DNAzyme kinase [PLP] GTP 4 μM. many multiple ≥ 4 hrs [148] 

intercalating dye linear aptamer structure-switching kanamycin [CM] 8.9 fM, 1 many multiple ≥ 3 hrs [119] 

intercalating dye linear aptamer structure-switching L-tyrosinamide [CM] 47.5 pM many multiple ≥ 3 hrs [119] 

cDNA (QD) linear aptamer structure-switching [PLP] lysozyme [CM] 2.6 nM many multiple ≥ 3 hrs [129] 

G-quad dye 
strand-displacement 

assisted RCA 
aptamer structure-switching MUC1 [CM] 0.5 pM 3 37 °C ≥ 2 hrs [281] 

intercalating dye hyperbranched aptamer structure-switching [PLP] OTA [CM] 1.2 fg/mL many multiple ≥ 4 hrs [182] 

intercalating dye linear aptamer structure-switching OTA [CM] 38.8 fM many multiple ≥ 3 hrs [119] 
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G-quad dye CHA-assisted aptamer structure-switching OTA [CM] 0.0002 ng/mL 2 37 °C ≥ 1 hr [191] 

dNTP monitoring linear aptamer structure-switching [PLP] OTA [CM] 0.01 ng/mL many multiple ≥ 8 hrs [224] 

intercalating dye linear aptamer inhibition RCA PDGF 10 nm 2 [RT] r.t. 60 min [101] 

intercalating dye linear aptamer structure-switching [PLP] PDGF [CM] 0.3 nM many [RT] multiple ≥ 3 hrs [125] 

intercalating dye hyperbranched aptamer structure-switching PDGF 1 fM 1 [RT] 30 ≥ 2 hrs [116] 

cDNA (MB) linear aptamer structure-switching [PLP] PDGF 6.8 pM many multiple ≥ 3 hrs [249] 

G-quad dye enzyme-assisted aptamer structure-switching [PLP] PDGF [CM] 0.38 fM many multiple ≥ 8 hrs [276] 

G-quad dye HCR-assisted aptamer structure-switching [PLP] PTK7 0.3 fM many multiple ≥ 7 hrs [278] 

G-quad dye HCR-assisted aptamer structure-switching [PLP] PTK7 
10 CCRF-CEM 

cells 
many multiple ≥ 7 hrs [278] 

G-quad dye HCR-assisted aptamer structure-switching [PLP] PTK7 20 HeLa cells many multiple ≥ 7 hrs [278] 

intercalating dye linear aptamer inhibition RCA thrombin 100 pM 2 [RT] r.t. 30 min [101] 

intercalating dye linear aptamer inhibition of PLP [PLP] thrombin 1 pM many 37 °C ≥ 3 hrs [181] 

intercalating dye hyperbranched aptamer inhibition of PLP [PLP] thrombin 2 fM many 37 °C ≥ 3 hrs [181] 

cDNA (MB) linear aptamer structure-switching (rGO) thrombin [CM] 10 pM many multiple ≥ 2 hrs [110] 

intercalating dye linear aptamer sandwich (apt 2x) thrombin 30 pM 1 [RT] 37 °C 30 min [143] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 

complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used. 
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2.7.2 Heterogeneous Assays 

Heterogeneous assays employ some form of separation step to 

physically separate assay components. While this increases the assay 

complexity and number of steps, it gives researchers more control over the 

reaction buffer, which may require strict conditions for subsequent reactions 

including RCA.  Heterogeneous solution-based assays are summarized in 

Table 2.2.  As well, it aids in the removal of unreacted components that may 

adversely affect downstream steps.  For example, FNA-based 

heterogeneous assays may employ ethanol precipitation as a means of 

separating NA species during the assay, though this method is intensive 

and less applicable at the POC. In this approach, Ali and Li used an RCD 

for the detection of ATP (Section 2.4.1.3, Figure 2.4A) where The linearly 

amplified output RP was hybridized with PNA probes in solution.[120]  

Physical separation using ethanol precipitation was used to isolate the RP 

and reconstitute it in a hybridization buffer designed to maximize PNA probe 

hybridization to RP and intercalation of the colorimetric indicator, DisC2. 

This method can reduce background signal generation as PNA is not native 

to biological samples and they are not vulnerable to nucleases,[232] though 

the blue-to-purple color change can be difficult to determine by eye (Figure 

2.14A, top). Notably, the assay was relatively slow at room temperature, 

and thus required a heating step to increase the rate of the color change 

otherwise several minutes of incubation at room temperature was required. 
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The assay achieved a detection limit of 100 µM of ATP in over 4 hours 

(Figure 2.14A, bottom).  

Huang et al. demonstrated a more practical method of separation by 

using a membrane filter to separate unbound aptamers for gastric cancer 

exosome detection.[132]  The authors incubated anti-MUC1 aptamers with 

gastric cancer exosomes allowing the aptamers to hybridize with the MUC1 

cell surface protein, which is overexpressed in gastric cancers (Section 

2.4.2.1, Figure 2.5E).  A 22 nm pore size membrane then filtered the 

solution to separate free and bound aptamers, removing the large cell-

aptamers complexes (Figure 14B, top).  The aptamer was liberated from the 

cell surface by heat treatment and subsequently circularized by PLP 

reaction only if the unbound aptamer remains in the filtered solution.  Finally, 

they monitored H-RCA in real-time using SYBR Green I (Figure 2.14B, 

bottom) for detection of as low as 4.27 x 104 exosomes per mL.  Though 

filtration is faster and less labor-intensive than ethanol precipitation, the 

added processing steps, including heat denaturation, make this approach 

challenging for POC applications. 

Several strategies have been suggested for the physical separation of 

RP from its endogenous solution, including those tethered to a bulk solid 

surface (i.e. microwell plates, glass slides, discussed in 2.8.2.2) or their 

particulate equivalents (i.e. agarose beads, or magnetic beads). These 

particulates, sometimes called beads, may be used to tether sandwich-style 
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MREs as Tang et al. demonstrated in their dual-aptamer assay for PDGF 

detection (Section 2.4.2.1, Figure 2.5D).[310]  The centrifugation step was 

key to this approach as it physically separated any avidin beads with biotin-

aptamer-target complexes formed on the bead surface from solution(Figure 

2.14C, left). As opposed to ethanol precipitation and membrane filtration, 

bead-based centrifugation can be performed quickly and with ease where 

equipment is available. The sandwich formation acted to tether a primer-CT 

duplex to the bead surface, forgoing any PLP step and allowing for the linear 

amplification of PMD-rich RP for colorimetric detection (Figure 2.14C, top 

right).  Avidin beads have great utility as the target-binding stage occurred 

in a volume of 100 µL whereas the centrifuged beads were resuspended in 

only 10 µL of buffer, effectively concentrating the solution ten-fold.  This pre-

concentration effect is a typical advantage of bead-based assays and may 

be a substantial factor in achieving the reported detection limit of 7.1 fM of 

PDGF (Figure 2.14C, bottom right). 

Several classes of particulates used in these homogeneous assays have 

characteristics that can be exploited to increase assay sensitivity. Gold 

nanoparticles, specifically, can be used as a surface for target 

immobilization and for their redox capabilities. Abnous et al. made use of 

these features in their their aptasensor to detect the small molecule aflatoxin 

M1.[311] This approach regulates the digestion of single-stranded DNA by a 

CRISPR-Cas12a system, a version of circular ligation regulation (Section 
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2.4.2.1).  CRISPR-Cas12a regulates the availability of a ligation strand for 

a PLP reaction.  In the presence of unbound aptamer, CRISPR-Cas12a is 

activated and digests the ligation strand, thus blocking RCA.  Centrifugation 

is used in several steps, including one for the removal of unbound aptamers 

and padlock probes. Target-triggered amplification results in an 

accumulation of RP on the AuNP surface which limits its ability to reduce 

endogenous yellow 4-nitrophenol to the colorless 4-aminophenol, giving 

clear colorimetric indication of amplification. Though this approach utilized 

a ligation step, it achieved a detection limit of 0.05 ng/L.  With sensitive 

detection achieved in spiked milk samples as well (0.15 ng/L), this approach 

rivalled several electrochemical alternatives. 
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Figure 2.14. Heterogeneous FNA-RCA methods where magnetic beads are 
not used. (A) Colorimetric sensing by using allosteric-DNAzyme-coupled 
RCA and a PNA–organic dye probe. (B) Fluorescence detection of gastric 
cancer exosomes based on an aptamer-PLP E-RCA (C) A dual-aptamer 
PDGF bioassay using the colorimetric detection of PMD-rich RP. Figures 
adapted from references cited in text. 
 

2.7.2.1 Magnetic Beads 

Magnetic beads are another class of particulates used in homogeneous 

assays that can replace centrifugation-based bead strategies where 

centrifugation is not practical, as may be the case with portable POC 

devices. As implied, a magnetic force applied to the beads allows for simple 

separation of bead-bound and unbound compounds.  This allows 

researchers to retain the separation powers of the technique while 

minimizing the infrastructure required to achieve it. Song et al. used 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

93 
 

magnetic beads for the aptameric detection of the bacteria V. 

parahaemolyticus (Figure 2.15A, top). [299]  This method used a dual-

aptamer approach with the addition of a biotinylated anchoring aptamer and 

a detecting aptamer into a target sample.  Next, streptavidin-coated 

magnetic beads were added and used to extract the pathogenic bacteria.  

The detecting aptamer could be converted into a CT through a PLP step for 

amplification with nicking-assisted RCA.  With PMDs integrated into the RP, 

the addition of hemin and ABTS allowed for the colorimetric generation of a 

green solution in the presence of the target bacteria corresponding to a 

detection limit of 10 CFU/mL (Figure 2.15A, middle). Monitoring of food-

borne pathogens is an ongoing need with V. parahaemolyticus being a 

common pathogen in seafood. Even more so, any colorimetric approaches 

could be impacted by the composition and opacity of the food product itself. 

This assay employed magnetic bead-based separation and colorimetrically 

detected the bacteria in various spiked food samples (oyster, clam, codfish, 

jellyfish, shrimp, milk, and squid) (Figure 2.15A, bottom).  In all, the full 

assay could be conducted in just 1 h 40 min though it did require several 

steps including a 95 ˚C termination step for the PLP reaction. 

MRSA cells were reliably enriched using a magnetic bead strategy in Xu 

et. al’s assay that used a dual-aptamer sandwich approach to separate the 

cells using a streptavidin-avidin interaction (Figure 2.15B, top). [312]   Several 

washing steps liberated the unbound sample components, leaving MRSA 
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cells tethered to the magnetic bead. A second aptamer was introduced, 

comprised of a PBP2a-specific structure switching aptamer that released a 

hybridized blocking sequence after binding to the target protein on the cell 

surface (Section 2.4.2.1, Figure 2.5B). PLP is only initiated when this 

second aptamer has MRSA cells to bind to, freeing the blocking strand to 

act as a ligation template and primer. Together PLP and linear amplification 

takes approximately 70 minutes. To improve assay sensitivity, instead of 

using an E-RCA the assay employed CRISPR-Cas12a enzymes whose 

trans-cleavage activity would cleave MBs accumulated on the RP. The wide 

linear range of this assay (102 to 106 CFU/mL, Figure 2.15B, bottom) was 

attributed to the combined powers of RCA and the attached CRISPR-Cas 

12a, allowing for bacterial quantification in less than 3 hours. Clinically-

obtained serum was spiked to assess the clinical effectiveness of the 

proposed microwell assay with good success. 

Aside from removing assay components from a complex sample matrix, 

magnetic beads can be advantageous particularly for removing unreacted 

detection agents, such as fluorescently-tagged cDNA probes.  Yao et al.  

utilized magnetic beads to remove unbound fluorescent quantum dot 

probes, which were then used as in indicator of OTA-triggered RP (Section 

2.4.1.1, Figure 2.2D).[245] In this instance, the magnetic bead was tethered 

to the 5’-end of the aptamer such that any RP generated would stay 

immobilized on the magnetic bead (Figure 2.15C, top). As it was an 
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inhibition RCA regulation approach, only 15 minutes of linear RCA were 

required with the QD-labelled cDNA probe requiring 30 minutes of 

incubation with RP, resulting in a total assay time of just over one hour. The 

resuspension of the beads allowed for high fluorescence with minimal 

background, achieving a detection limit of 0.13 ppt for OTA (Figure 2.15C, 

bottom), with validation in red wine samples.  

 

Figure 2.15. Heterogeneous FNA-RCA methods utilizing magnetic beads. 
(A) Visualized detection of Vibrio parahaemolyticus in food samples using 
dual-functional aptamers and E-RCA (B) Dual-functional aptamer and 
CRISPR-Cas12a assisted RCA for the detection of MRSA. (C) Magnetic 
bead inhibition RCA using quantum dot fluorescent detection of OTA.   
Figures adapted from references cited in text. 
 

Background fluorescence from intercalating dyes can similarly be 

minimized by ensuring other NA contaminants are removed, as 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

96 
 

demonstrated in this assay monitoring real patient faecal samples in real-

time using a GDH captamer (Section 2.4.2.2, Figure 2.6C).[113]  After 

magnetic bead isolation of nGDH-bound captamer in the supernatant, the 

solution was heated to release the captamer for downstream RP generation 

at 30 °C (Figure 2.16A, top). Here, the separation step aided in ensuring 

that there would be minimal interfering NAs that the SYBR Gold could 

intercalate with, allowing for real-time detection of RP.  The authors reported 

an LOD of 10 pM of GDH in human faeces in just over 1 hour using this 

strategy (Figure 2.16A, middle), despite employing a linear amplification.  

More interestingly, this group was able to demonstrate their assay’s real-

world applicability by testing several real-patient samples (Figure 2.16A, 

bottom).  

Miao et al. used immunomagnetic beads to capture and isolate PDGF  

and used the catalytic power of GOx detection to boost sensitivity (Figure 

2.16B, top).[184]    This assay utilized an antibody and aptamer-primer 

sandwich complex to reduce non-specific target bonding (Section 2.4.2.1, 

Figure 5D). As there are few targets with aptamers for two unique epitopes 

to participate in the sandwich, it is very common to see antibody-aptamer 

(Ab/apt) sandwich interactions.[288,302,313]  Exponential dendritic RP 

propagates from its sandwich complex anchor, and GOx-labeleld primer 

complexes accumulate within the branched concatemeric RP.   The 

immunomagnetic bead was again magnetically isolated from solution and 
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resuspended in fresh solution.  Next, glucose and bromocresol purple pH 

indicator were added and the remaining RP-bound GOx drove a color 

change from purple (basic) to yellow (acidic) (Figure 2.16B, middle), 

generating a LOD of 0.94 pM of PDGF within 3.5 hours (Figure 2.16B, 

bottom). Many examples throughout this review have demonstrated the 

various ways to convert a linear RCA process to exponential for the 

ultrasensitive detection of analyte.  However, this approach combined both 

exponential RCA with GOx-mediated detection, making for a relatively 

sensitive dual-exponential approach that could be evaluated by the naked 

eye.  The use of magnetic beads was required to remove background RP 

as well as to carefully control the buffer capacity in the final detection step, 

key for the use of the pH indicator. 

Huang et al.’s assay increased sensitivity by capitalizing on the 

fluorescence quenching ability of AuNPs.  Aptamer-primer binding to  

nucleolin completed the sandwich assay formation, allowing tethered RCA 

to occur upon binding to leukaemia-derived exosomes (Section 2.4.2.1, 

Figure 2.5D).[265]  However, in this case the detection was based on 

hybridization of F-DNA probes bound to and quenched by a gold 

nanoparticle in the assay solution (Figure 2.16C, top).  These quenched 

probes would preferentially bind to the target-triggered RP and be cleaved 

by a nicking endonuclease, separating it from the quenching AuNP and 

restoring fluorescence.  The detection cycle can be repeated multiple times 
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per AuNP, providing an exponential signal enhancement beyond RCA, 

limited only by the number of probes immobilized on the AuNP surface (~55 

probes per AuNP). This room-temperature approach could detect as few as 

102 exosomes per μL in slightly more than three hours (Figure 2.16C, 

bottom).  A drawback of this approach was the need to perform the nicking 

enzyme detection step after the completion of the linear RCA reaction to 

avoid the possibility of the nicking enzyme cleaving the CT (which must also 

include the nicking site to produce the complementary sequence), as 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. 

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 [PLP] aflatoxin M1 [CM] 0.05 ng/L many multiple ≥ 7 hrs [311] 

ethanol 

precipitation 
intercalating dye linear DNAzyme RCD ATP 100 µM many multiple ≥ 4 hrs [120] 

magnetic bead PMD enzyme-assisted aptamer structure-switching [PLP] cancer cells (ramos) 81 cells many multiple ≥ 6 hrs [296] 

magnetic bead PMD enzyme-assisted aptamer structure-switching [PLP] lysozyme 7.2 fM many multiple ≥ 6 hrs [296] 

magnetic bead PMD linear aptamer sandwich (apt x2) OTA [CM] 1.09 ng/mL many multiple ≥ 5 hrs [300] 

avidin bead PMD linear aptamer sandwich (apt 2x) PDGF [CM] 
∼7.1 fM 

(0.2pg/mL) 
2 multiple ≥ 2 hrs [310] 

magnetic bead pH dye dendritic aptamer sandwich (apt/Ab) PDGF [CM] 0.94 pM many 37 °C ≥ 3 hrs [184] 

magnetic bead PMD enzyme-assisted aptamer sandwich (apt x2) [PLP] V. parahaemolyticus [CM] 10 cfu/mL many multiple ≥ 1 hr [299] 

Fluorometric detection 

magnetic bead cDNA (MB) enzyme-assisted aptamer structure-switching 17β-Estradiol (E2) [CM] 63.09 fM many multiple ≥ 3 hrs [253] 

magnetic bead cDNA (MB) linear aptamer structure-switching [PLP] cocaine 0.48 nM many multiple ≥ 3 hrs [135] 

magnetic bead cDNA (MB) linear aptamer sandwich (apt/Ab) EpCAM [CM] 
10 BT474 

cells 
4 multiple ≥ 7 hrs [250] 

magnetic bead cDNA (MB, F/Q) enzyme-assisted aptamer sandwich (apt/Ab) [PLP] exosomes [CM] 

100 particles 

per µL 

exosomes 

many r.t. ≥ 3 hrs [265]
 

magnetic bead intercalating dye linear captamer 

structure-switching 

(recombinant to native 

protein) 

GDH [CM] 10 pM many [RT] multiple ≥ 1 hr [113]
 

magnetic bead cDNA (MB, F/Q) linear aptamer sandwich (apt x2) [PLP] MRSA [CM] 100 CFU/mL many multiple ≥ 2 hrs [312]
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centrifugation intercalating dye hyperbranched aptamer 
separation by spin-down, 

no switching [PLP] 
MUC1 [CM] 

4.27 x 10^4 

exosomes / 

mL 

many [RT] multiple ≥ 5 hrs [132]
 

magnetic bead cDNA (QD) linear aptamer structure-switching [PLP] OTA [CM] 0.2 pg/mL many multiple ≥ 5 hrs [136]
 

magnetic bead cDNA (QD) linear aptamer inhibition RCA OTA [CM] 0.13 ppt many multiple ≥ 1 hr [245]
 

magnetic bead intercalating dye linear aptamer structure-switching [PLP] tetracycline [CM] 0.724 pg/mL 3 multiple ≥ 6 hrs [227]
 

magnetic bead intercalating dye linear aptamer sandwich (apt/Ab) thrombin 2 nM many [RT] multiple ≥ 2 hrs [229]
 

centrifugation cDNA (MB) linear aptamer 
structure-switching 

(rGO) 
thrombin 1 pM many multiple ≥ 2 hrs [111]

 

magnetic bead intercalating dye linear aptamer 
sandwich (apt/bead 

fixation) 
Tip60 [CM] 220 fM many multiple ≥ 3 hrs [228] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 

complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used. 
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2.8 Solid-phase Assays 

POC biosensors that utilize the solid-phase in lieu of solution phase are the 

most likely to be practically applied for real-world applications as many aspects 

of solid-phase device design intend to simplify user handling steps and increase 

portability.  In solid-phase assays, a portion of the assay components is tethered 

to a solid surface with the rest free in solution. We focus on solid-phase most 

often used with POC testing, including the surface of beads (as discussed in 

S5), glass slides, microwell plates, microfluidic channels, or on paper. With 

proper care and optimization, FNA-based biosensors that utilize RCA can be 

integrated into these formats to create powerful, portable devices with an 

integrated amplification system primed for ultrasensitive detection. Individual 

POC applications may have unique characteristics and demands that make 

certain strategies more practical than others.  For instance, paper-based 

biosensing offers a host of advantages compared to using glass or plastic 

surfaces.  Likewise, lateral flow devices allow for simple on-device separations 

or timed reactions.  As such, it is imperative that the assay requirements are 

well understood such that the best combinations can be selected.  In this 

section, we will focus on these solid-phase mediums that can be detected 

optically, and the considerations for different surface formats are discussed. A 

summary of solid-phase examples can be found for colorimetric-based methods 

in Table 2.3 and fluorometric-based methods in Table 2.4.  
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2.8.1 Microwell plates and glass slides 

Bulk solid immobilization differs from bead immobilization in many ways, and 

each offers its own advantages and disadvantages compared to their particulate 

counterparts. While a bulk solid and a particulate solid may have the same 

volume, their effective surface area differs greatly. The strategies for washing 

these two different solid surfaces differ, as one is dispersed within solution and 

the other is submerged within. Commonly these assays will incorporate multiple 

steps including washing steps, and the use of optical instrumentation to allow 

for high-throughput analysis.  High-throughput analysis is not necessarily 

applicable at the POC directly, but surely these approaches can simplify, 

expedite analysis, and decrease costs in those scenarios where basic optical 

instruments can be maintained. Specifically, microwell plate-based analysis is 

highly attractive for real-time analysis.  

Cheng and co-workers utilized AuNP-DNA to hybridize to RP immobilized on 

glass slides, further improved by their application of silver enhancement (Figure 

2.12A, top).[115]  This scanometric method did not require sophisticated 

instrumentation but did require washing steps to remove unbound AuNPs that 

contribute to background signal. The authors covalently immobilized an 

aptamer-primer and CT on a glass slide, competitively binding with either the 

target or the CT (Section 2.4.1.1).    Any unbound VEGF or displaced CT was 

removed from solution with a washing step and phi29 DP was added to initiate 

RCA.  Where VEGF had bound to aptamer, no RCA was generated, creating 

an inhibitory assay.  Next, AuNP-DNA was allowed to hybridize with the RP and 
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was followed by a silver enhancement step to further improve the visibility of the 

detection probe, which could be visualized with a simple flatbed scanner and 

quantified. Despite several washing steps, this four-step isothermal (37 ˚C) 

approach was able to achieve an ultralow detection limit of 10 fM of VEGF in 

just over 3 hours (Figure 2.17A, bottom).  

Wang et al. exploited AuNP’s peroxidase activity to develop an ultrasensitive 

sensor for thrombin detection.[146] Here, the authors used an inhibition RCA 

regulation method with a thrombin captamer such that target binding prevents 

RCA (Section 2.4.2.1, Figure 2.6D) (Figure 2.17B, left). Hydrogen peroxide 

reduced gold (III) to form well-dispersed AuNPs that are a characteristic red 

color indicating an absence of thrombin. Conversely, target-triggered RCA 

generated PMD-rich RP which competes to reduce hydrogen peroxide into 

water and oxygen gas. A decrease in available hydrogen peroxide slows the 

kinetics of AuNP growth and results in AuNPs with poor morphology and a 

tendency to aggregate, leaving a characteristic blue color in solution. This 

ultrasensitive approach was able to achieve a detection limit of 10 aM for 

thrombin in just over 4 hours (Figure 17B, right), which is particularly impressive 

for a colorimetric assay.  The PMD strategy is the most widely used colorimetric 

approach for FNA-linked RCA assays, and typically achieves detection limits in 

the femto- to picomolar ranges.  Here, the same modifications of CT are 

required but utilizing gold as a redox agent has proved to be very effective 

relative to the commonly used TMB or ABTS alternatives. 
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Zhan et al. demonstrated an example of colorimetric bacterial detection in 

food samples using microwell plate detection of L. monocytogenes (Figure 

2.17C, left).[256] The authors state their intention to develop a test to compete 

with the standard ELISA assay, as ELISA been accepted as the gold-standard 

for antibody-based biosensors, noting their assay’s competitive LOD when 

compared to similar antibody-based tests.  This device (and other sandwich-

like RCA assays) required several steps and a comparable assay time (over 5 

hours) indicating that there is high demand for these tools despite the technical 

skill required.  Structure-switching aptamers were immobilized on the surface, 

primed to release the aptameric sequence through target binding to L. 

monocytogenes (Section 2.4.1.1), leaving an exposed primer for RCA.  

Biotinylated DNA and streptavidin-tagged HRP were added to the wells for 

hybridization to the surface-tethered RP. The HRP converted TMB from 

colorless to yellow in a target-dependent manner leading to the quantification 

of L. monocytogenes with a detection limit of 460 CFU/mL. This isothermal 

(37˚C) assay successfully detected target in spiked fresh lettuce samples, 

showing the approach’s applicability for food-based detection (Figure 2.17C, 

right).   

In situ RCA analysis allowed Gao et al.to distinguish between six cancer cell 

lines by independently monitoring three different plasma membrane protein 

(PMP) targets: MUC1, EpCAM, and HER2 (Figure 2.17D, top).[252]  Here, the 

cells were fixed on glass slides to allow for subsequent washing steps to remove 

unbound probes. Once immobilized, aptamer-primer sequences bound 
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available PMPs and the primer end was free to initiate RCA (Section 2.4.2.1). 

Nicking enzymes nicked bound MB probes, restoring fluorescence for 

quantification of each target.  The authors report they were able to detect as 

low as 25 copies per cell (or 166 aM) of PMPs based on an analysis of 100 

cells.  Further, the authors were able to distinguish and identify cell types by 

running the assay in parallel with different aptamer probes for PMP profiling 

(Figure 2.17D, bottom), providing a useful multiplexing approach.  An important 

caveat here is that the RCA reaction and amplification must occur 

consecutively, limiting the ability for real-time RP monitoring. Further, a 

temperature of 37 °C for 60 min was required to allow optimal function of the 

nicking enzyme, a common observance for enzyme-assisted amplification 

strategies   

Most FNA-based optical detection platforms using RCA focus on the 

monitoring of wavelengths in the visible spectrum, either via color or 

fluorescence.  Lv et al. showcased a portable smart-phone based infrared-

based thermal assay for the sensitive detection of PSA using CuxS, a heat-

active nanocrystal, tethered to a DNA strand (CuxS-DNA) as the hybridization 

probe.[314]  For the assay, an antibody-aptamer sandwich complex was used to 

perform PLP (Section 2.4.2.1, Figure 2.5D) on a microwell plate in several 

steps. Linear RCA was generated on the microwell surface and CuxS-DNA was 

hybridized to the RP (Figure 2.17E, left).  Heat from an IR laser was absorbed 

by CuxS, increasing the solution temperature and with temperature changes 

monitored using a smartphone with an infrared thermal imager equipped.  The 
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authors reporting a detection limit of 0.2 ng/mL of PSA in just over 5 hours 

(Figure 2.17E, right) and could potentially be used as an optical detection 

strategy in otherwise optically challenging mixtures.  With the thermal 

monitoring being conducted at 20˚C, we suspect careful calibration of the assay 

would be required in different environments.  Notably, beyond incorporating a 

smartphone for signal detection, it can also be used for data transmission for 

interpretation by highly qualified personnel that may not otherwise be present 

at the POC.[315] 
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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.



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

109 
 

2.8.1 Microfluidic Devices 

Microfluidic devices operate miniaturized assays that utilize extra low 

volumes, manipulating liquids in apparatus’ on a nanometer to micrometer 

scale.[316] Microfluidic devices often prioritize the all-in-one aspect of their 

design, in that all aspects of the assay proceed without user intervention. 

Analysis of small volumes in turn requires less reagents, solvents, and 

assay time, making them an obvious choice for POC designs. Microfluidic 

devices use comparatively less volume than conventional patient sampling, 

which may be attractive for invasive and/or frequent sampling measures, 

such as blood drawing. However, with such small volumes, detection of 

trace analytes can be a challenge, necessitating on-board amplification 

strategies.  RCA can be paired with microfluidic devices to enhance target 

signal despite the relative low abundance of target in these small volumes. 

Another key feature of microfluidic approaches is that the fluidic system can 

automate sequential steps and direct flow through from one region to 

another, mimicking separation steps.  With such small sample volumes on-

board heating elements can be incorporated to rapidly heat solutions to 

regulate temperature-sensitive reactions or facilitate dissociation of key 

assay components.  The caveat is that this necessitates the use of a power 

source for the on-board pumps or heaters, complicating its use at the POC. 

Feng et al. incorporated a unique open-space microchip for integrating 

cell culturing with the detection of VEGF that took advantage of fluid flow on 
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a solid surface.[317]  In this design, the chip was segmented in half by a 

connecting channel containing an interfacial tension valve that prevented 

the flow of reagents from one end to the other, specifically enabling 

sequential reactions.  On one end of the chip was the cell culture chamber, 

and on the other end of the interfacial tension valve was a capture aptamer 

immobilized on the microchip surface (Figure 2.18A, top)  By connecting the 

two reservoirs, the VEGF excreted into the extracellular matrix flowed to the 

capture zone and was immobilized (Figure 2.18A, bottom),.  The channel 

was again severed and a signalling aptamer was added to the capture zone 

to form a sandwich for PLP generation (Section 2.4.2.1, Figure 2.5D).  The 

authors were able to detect as low as 10 pg per mL of VEGF, requiring only 

10 µL of solution and just under 2 hours using fluorescently labelled cDNA.  

Further, as the chip had on-board cell culturing, inducing a hypoxic cellular 

microenvironment was confirmed by the measured increased secretion of 

VEGF into the extracellular matrix. 

Microchip devices are designed from the inception with portability in 

mind, making it logical to pursue detection strategies that can be detected 

by eye without bulky instrumentation. Integrated devices are well-suited for 

on-site detection for this reason. The microchip device developed by Lin et 

al. for thrombin detection, a model analyte for protein biomarkers, 

anticipated the need to dilute their real-blood samples to minimize matrix 

interferences by incorporating RCA.[140] The device itself was produced 
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using soft-lithography technology to design the μm-wide channels . Blocking 

of the microchannel surface with fetal bovine serum was necessary to 

prevent the absorption of the protein matrix as unblocked channels lead to 

high recoveries despite the samples being diluted a thousand-fold. The 

assay is triggered by aptamer-target binding using dual aptamers (Section 

2.4.2.1, Figure 2.5D) resulting in RP immobilization within the microchip. 

Colorimetric detection is enabled through the accumulation of PMD-rich RP 

and the redox conversion of TMB to its colorimetric form (Figure 18B, 

middle).  In as little as 45 minutes, this colorimetric device was able to detect 

thrombin with an LOD of 0.083 pg/mL with only 15 minutes of amplification 

(Figure 2.18B, bottom). Even more impressively, this was achieved with as 

little as 25 μL of samples or reagents, as they demonstrated in their 

assessment of real human serum samples.  

3-D printed RCA devices can be tuned for POC testing, as demonstrated 

by an on-site chip for mercury detection developed by Lim and co-

workers.[297]  This turn-off assay demonstrated sensitivity for inorganic 

mercury through generation of PMD-containing RPs by eye and by portable 

spectrophotometer. Though there is no aptamer for mercuric ions, they are 

capable of binding between two thymine residues to stabilize T-T 

mismatches, as such a twelve nucleotide polyT primer was used for 

mercuric ion capture.  In this inhibition RCA strategy (Section 2.4.1.1, Figure 

2.2D), unbound aptamer could be linearly amplified and rapidly heat 
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denatured by an on-board Peltier heating module.  Heating narrow channels 

and low volumes can be a rapid and energy efficient task.  Further, pairing 

this device with a temperature control module minimizes user error as the 

temperatures can be better regulated.  Here, a fluid pump was required to 

transfer the RP to a detection reservoir (Figure 2.18C, top), where the RP-

PMD sequences reduced ABTS for colorimetric detection by a portable 

colorimetric reader (Figure 2.18C, middle).  This 30-minute assay 

demonstrated an LOD of 3.6 μg/L in spiked tap water samples, comparable 

to conventional ICP/MS analysis (Figure 2.18C, bottom). Further, as this 

microfluidic device is printed rapidly on commercially available 3D printers, 

it highlights the strengths of 3D printing for accessible POC assays.  As well, 

the same authors recently reported a similar on-site chip for mercury 

detection without the need for a fluid pump, with fluid transfer being 

achieved with a commercial 8-well multichannel pipette (LOD of 3.4 µg/L 

and 4.1 µg/L in simple, and environmental matrices, respectively).[298] 

He et al. integrated capillary electrophoresis into a microfluidic chip for 

the simultaneous detection of kanamycin, AFM1, and E2 in milk 

samples.[318]  Requiring a total assay time of just over 1 hour using low 

temperatures (< 30˚C), the authors were able to achieve multiplexed 

detection limits of 10 pg/mL for kanamycin, 0.95 pg/mL for AFM1, and 6.8 

pg/mL for E2, and were able to do so in spiked milk samples as well.  The 

very short turnaround time and ability to detect multiple targets in tandem 
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offers tremendous advantage despite the trade-off of requiring magnetic 

bead washing steps. The authors utilized the tripartite 3’-exonuclease 

system (Section 2.4.1.1, Figure 2.3A), immobilizing a mixture of three 

unique tripartite systems (one for each target) onto magnetic beads (Au-

Fe3O4) to create the probes (Figure 2.18D, left).  The sample was incubated 

with magnetic probes and phi29 DP and incubated at 30˚C for 50 minutes, 

when the RP-labelled magnetic beads were collected and hybridized with 

unfunctionalized cDNA at room temperature.  The recovered supernatant 

was flowed through a microfluidic device for on-chip capillary 

electrophoresis using an intercalating dye (Figure 2.18D, right).  The 

remaining unhybridized cDNA probes were inversely proportional to target 

concentration and could be size separated and quantified after just 3 

minutes.  For a future iteration, it may be beneficial to integrate all steps into 

a microfluidic chip, however the multiplexing here provides a clear 

advantage.  

In another example, He et al. developed a ratiometric microfluidic chip 

that could quantify kanamycin in milk and fish samples.[319]  Here, the 

authors used a structure-switching aptamer hybridized to an RCA primer, 

with the aptamer component tethered to a gold stir bar (Section 2.4.1.1, 

Figure 2.2A)  (Figure 2.18E, top).  With target addition triggering structure-

switching and the subsequent release of the primer, the authors could 

remove the stir bar to isolate only the liberated primers.  Addition of a CT 
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triggered linear RCA by Bst DP and labelled with SYBR Gold, finally 

separated by on-chip capillary electrophoresis (Figure 2.18E, middle).  By 

intentionally keeping the amplification time short at 30 minutes, the authors 

could track the ratio of RP to CT for quantification of kanamycin.  As more 

CTs were activated for RP generation, the proportion of RP-bound CTs to 

free CTs increased and this ratiometric relationship could be used to 

quantify the small molecule target. In just over one hour, they could detect 

as low as 0.3 pg per mL (Figure 2.18E, bottom) with validation in milk and 

fish samples. 
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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 Hg2+. (D) A 
microfluidic aptasensor for simultaneous detection of kanamycin, aflatoxin 
M1, and 17β-estradiol based on 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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Table 2.3. Colorimetric-based solid-phase methods. 

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

microchip PMD linear aptamer inhibition RCA Hg2+ [CM] 3.3 µg/L many multiple ≥ 1 hr [297] 

microchip PMD linear aptamer inhibition RCA Hg2+ [CM] 3.4 µg/L many multiple ≥ 1 hr [298] 

microwell plate cDNA (enzyme) linear aptamer structure-switching Hg2+ [CM] 1.6 nM many 37 °C ≥ 5 hrs [257] 

microwell plate cDNA (enzyme) linear aptamer structure-switching L. monocytogenes [CM] 460 CFU/mL many 37 °C ≥ 4 hrs [256] 

glass slide PMD linear aptamer cell fixation MCF-7 [CM] 10 cells/mL many multiple ≥ 2 hrs [131] 

microwell plate cDNA (enzyme) linear aptamer sandwich (apt/Ab) [PLP] PDGF [CM] 3.1 pM many 37 °C ≥ 5 hrs [255] 

microwell plate cDNA (enzyme) thrombin-

assisted 

aptamer sandwich (apt/Ab) [PLP] PDGF [CM] 31 pM many 37 °C ≥ 5 hrs [320] 

microchip PMD linear aptamer sandwich (apt 2x) thrombin [CM] 0.083 pg/mL. many [RT] multiple 45 min [140] 

microwell plate PMD linear captamer inhibition RCA thrombin 10 aM many multiple ≥ 3 hrs [146] 

glass slide cDNA (AuNP) linear aptamer inhibition RCA VEGF [CM] 10 fM many 37 °C ≥ 3 hrs [115] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 

complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used. 
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Table 2.4. Fluorometric-based solid-phase methods. 

Surface Type Detection Method RCA Method MRE 

Type 

Regulation Method Target LOD # Steps Temperature Assay Time Ref. 

microchip intercalating dye linear aptamer structure-switching 17β-Estradiol (E2) [CM] 6.8 pg/mL many multiple ≥ 1 hr [318] 

microchip intercalating dye linear aptamer structure-switching aflatoxin M1 [CM] 0.95 pg/mL many multiple ≥ 1 hr [318] 

glass slide cDNA (fluorophore) linear DNAzyme ligase [PLP] ATP 10 µM many multiple ≥ 3 hrs [147] 

microwell plate cDNA (fluorophore) linear aptamer sandwich (apt/Ab) cTnI [CM] 14.40 pg/mL many multiple ≥ 8 hrs [321] 

microchip cDNA (fluorophore) linear aptamer sandwich (apt/dend) [PLP] E. coli 100 cells/mL many multiple ≥ 5 hrs [130] 

microchip cDNA (fluorophore) linear aptamer sandwich (MRE to capture, 

FNA to detect) [PLP] 

E. coli [CM] 80 cells/mL many multiple ≥ 3 hrs [246] 

glass slide cDNA (MB) nicking-

assisted 

aptamer cell fixation [PLP] EpCAM 100 cells many [RT] 37 ≥ 2 hrs [252] 

glass slide cDNA (MB) nicking-

assisted 

aptamer cell fixation [PLP] HER2 10 cells many [RT] 37 ≥ 2 hrs [252] 

microchip cDNA (fluorophore) linear aptamer sandwich (apt/Ab) IL-8  [CM] 0.84 pM many 37 30 min [322] 

microchip intercalating dye linear aptamer structure-switching kanamycin [CM] 10 pg /mL many multiple ≥ 2 hrs [319] 

microchip intercalating dye linear aptamer structure-switching kanamycin [CM] 0.32 pg/mL many multiple ≥ 1 hr [318] 

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 [PLP] MUC1 10 cells many [RT] 37 ≥ 2 hrs [252] 

glass slide intercalating dye linear aptamer structure-switching [PLP] PDGF 8 nM many multiple ≥ 4 hrs [125] 

microwell plate cDNA (CuxS) 

(thermal) 

linear aptamer sandwich (apt/Ab) [PLP] PSA 0.2 ng/mL many multiple ≥ 5 hrs [314] 

microchip cDNA (fluorophore) linear aptamer sandwich (apt x2) [PLP] VEGF [CM] 10 pg/mL many multiple ≥ 1 hr [317] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 

complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

118 
 

2.8.3 Paper-based Biosensors 

Cellulose-based surfaces are an ultra-low cost option for point of care 

assays, capitalizing on the natural wicking properties of the paper surface 

to manipulate liquids.  Few modern substrates can be so inexpensive so as 

to accommodate low-resource areas and to justify their use over the 

superior technology offered in a lab setting, and paper is simultaneous 

widely available and cheap .  Likewise, the inherent wicking properties of 

paper to transport material from one location to another without the need for 

any on-board fluid pumps as is the case with microfluidic-based strategies.  

A summary of the paper-based methods discussed herein can be found in 

Table 2.5. 

Kim and co-workers elegantly exploited the immobility of RP in a 

colorimetric dot blot assay for the sensitive detection of mercuric (Hg2+) ions 

(Figure 2.14A, left) .[233]  The authors applied an inhibition RCA method 

using a polyT DNA sequence for mercury capture or as a primer for RCA 

(Section 2.4.2.1, Figure 2.2D).  After incubation with Hg2+, AuNP-labelled 

DNA and the reagents to initiate RCA were added.  The 30-minute RCA 

reaction was heat inactivated and the solution was spotted into a 

nitrocellulose membrane and dried for 20 minutes. Typically, the amplicons 

generated by RCA are so large that transporting them across a membrane 

can be challenging (see Section 2.5.3 on RCA as MRE) whereas AuNP-

labelled DNA is much smaller, readily wicking across a test strip. In the 
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absence of RP the small AuNP-labelled DNA migrated and dried in a wide 

spot with elevated concentration in a concentric ring on the outer edge of 

the spot (Figure 2.19A, top right).  When RP was generated the red color of 

the AuNPs was localized in the center of the droplet owing to the inability of 

the large RP to migrate.  At just 2 hours, this simple three-step assay 

allowed for the detection of as low as 21.8 nM of Hg2+ in real samples 

(Figure 2.19A, bottom right), better than the 30 nM allowable limit for 

mercuric ions in drinking water as outlined by the WHO.  Though only the 

detection step was done on paper, with the recognition and amplification 

steps conducted in solution, the utility of paper for integrated separation 

steps is evident as simply spotting the solution on the nitrocellulose surface 

was sufficient. 

Recently we generated a simple isothermal RCA-linked FNAB on a 

cellulose surface without the need for any blocking steps or immobilization 

of DNA materials (Section 2.4.1.1, Figure 2.2D) (Figure 2.19B, left).[101]  

Similar performance between both SYBR Gold and QuantiFluor dyes was 

observed in solution, however QuantiFluor alone was found to be 

compatible with cellulose, maintaining low background fluorescence.  We 

exploited this finding to generate a simple pullulan-coated paper-based 

RCA assay for the real-time detection of thrombin (the benefits of pullulan-

encapsulated reagents are discussed below).  Thrombin was incubated with 

its aptamer for 15 minutes followed by spotting onto cellulose paper 
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containing pullulan-encapsulated RCA reagents for a 15-minute RCA 

reaction at room temperature.  The presence of thrombin prevented the 

aptamer from being used as a primer to initiate RCA.  With this strategy, 

rapid real-time detection of picomolar levels of thrombin was achieved 

within just a two-step 30-minute assay both in solution (100 pM) and on 

paper (250 pM) without the need for any heating, expensive labelling, 

surface treatment or blocking steps (Figure 2.19B, right).  Here, we 

demonstrated that in contrast to QuantiFluor, certain dyes such as SYBR 

Gold, can produce significant background fluorescence upon binding to 

cellulose, making them unsuitable for paper-based sensor platforms.   

RCA-based FNABs have multiple reagents that need to be stabilized to 

ensure their accuracy over time, an important consideration when 

considering the long-term storage options for real-world use. This may be 

especially true in low-resource and remote environments at room 

temperature. The utility and durability of papers such as cellulose and 

nitrocellulose has made them an attractive platform for a variety of POC 

biosensors.[48,53,323] Our laboratory has worked to expand the applicability of 

many of our recent biosensors through the use printable pullulan bioink as 

well as pullulan tablets for storage and application of labile enzymes and 

substrates.[324–326]  Pullulan, a naturally produced polysaccharide can be 

used as a simple and inexpensive material for the encapsulation of 

otherwise labile reagents (Figure 2.19C, top). Pullulan tablets retain high 
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assay activity for weeks with room temperature storage thanks to the 

entrapment and immobilization of reagents in a water soluble oxygen 

impermeable environment.[324–326]  Challenging assays in particular may 

benefit from use of pullulan by simplifying the assay procedure and 

stabilizing sensitive reagents (Figure 2.19C, middle).[219,326,327] At 

approximately 1 USD per 100 tablets, this method is low cost and well-

suited for use in the developing world. Recently, our lab showcased the 

ability to immobilize a primer on a nitrocellulose surface and initiate RCA 

(Figure 2.19C, bottom), much like what has been well-established on 

magnetic beads or microwell plates.  As mentioned in S4, improved RCA 

efficiency was observed owing to a molecular crowding effect causing an 

increase in local concentrations of RCA reagents.[98]  The same report 

demonstrated detection of surface-generated RP using a variety of methods 

including the incorporation of radiolabelled dNTPs, cDNA tagged to gold 

nanoparticles, the incorporation of PMDs, and the addition of fluorescently 

tagged cDNA.  Several of the recent paper-based assays that utilized RCA 

have been simplified[98,101,112,309,328] or long-term stabilized[98,112] through the 

use of pullulan encapsulation.  
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Figure 2.19. Paper-based devices with optical detection methods. (A) Hg2+ 
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 incorporated into paper-

based assays, especially in FNA-RCA based assays that can act to amplify 

the colorimetric method’s signal with amplification. Li and colleagues 

reported a paper-based assay[114] that utilized a captamer  (Section 2.4.2.2, 

Figure 2.6B) for colorimetric detection via the peroxidase-mimicking 

DNAzyme PW17.[43,329–333] In solution, the captamer was bound to an rGO 

surface and was released upon binding to the PDGF target.  Rational NA 

design was paramount in this assay, not only because the CT acted as an 

aptamer and template for PW17 generation, but also because the CT 

showed remarkable resistance to nuclease degradation from cell lysates, 
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an important consideration for POC applications.  Once this sample was 

introduced on paper, RCA was initiated by binding of the captamer to a 

primer encapsulated within a pullulan-coated paper surface. As the CT also 

contained the antisense strand for PW17, the RP was capable of converting 

TMB to colored TMB+ for colorimetric detection with a limit of 10 pM for the 

protein target.  

Lateral flow devices (LFDs) are an excellent example of utilizing the 

inherent wicking properties of paper for integrating sequential steps.  Key 

materials can be immobilized on different sections of the paper and a 

solution can be wicked across it in a sequential manner.  LFDs can be used 

to incorporate separation of unbound AuNP-DNA without a dedicated 

washing step. LFDs are a popular test format familiar both to regulatory 

bodies and the general public due to the popularity of the at-home 

pregnancy test.  This is in part due to their overall simplicity for the end-

user, including their operational simplicity. It should be noted that despite 

the popularity of AuNP-based lateral flow assays, the bulky size of RP can 

make it difficult for them to move along the LFD membrane. While there are 

now several examples of NA-based lateral flow detection with RCA,[334,335] 

the space remains open for FNA-based contributions.  

Nonetheless, there are several FNA-based examples that incorporate 

natural wicking and paper origami for sequestering reagents and assay 

timing.  Hui et al. reported one such paper-based assay utilizing peroxidase-
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mimicking DNAzymes for colorimetric detection of both NA and non-NA 

bacterial markers.[112] This pullulan-coated device used a bridged paper 

design to control sample flow (Figure 2.20A, top). This assay was the first 

aptamer-regulated ITA assay to be accomplished on a paper device. In the 

first region, the presence of target liberates an aptamer from an rGO surface 

adsorbed onto nitrocellulose to perform structure-switching primer release 

(Section 2.4.1.1, Figure 2.2C). The rGO surface acted both as a regulator 

of primer release, and also protected the aptamer sequences from 

degradation in the tested clinically relevant matrices. Bridging the paper 

allowed for the controlled flow of free aptamer to an amplification region 

where the aptamer could act as a primer for RCA initiation. This bridge used 

the inherent filtering properties of paper as the sample flowed from sample 

zone to detection zone, an important advantage in assays with complex 

matrices. It also prevented unclear colorimetric readout in the detection 

zone by preventing mixing with coloured matrices like stool. Colorimetric 

sensing showed similar sensitivity to unamplified fluorescent detection for 

both ATP and GDH, allowing colorimetric detection of the pathogen by eye. 

For both fluorescent and colorimetric detection, the LODs for the ATP 

sensor the GDH sensors were 10 µM and 3 nM, respectively (Figure 2.20A, 

middle). In this case, amplification was essential for equipment-free 

detection, but can also be performed more quickly where the equipment is 

available by omitting the amplification step.  The robustness of each test 
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was verified by using spiked human blood samples (ATP)_and  spiked stool 

samples (GDH) (Figure 2.20A, bottom). Where many of the sensors 

described in this review used either ABTS or TMD as the colorimetric 

reagent, the authors observed that combining ABTS and TMB together 

provided the best balance of rapid color change and maintaining color 

intensity.  This is an important consideration for prolonging the 

measurement window for accurate analyte quantification.  At the POC, 

personnel may not be immediately available to record the colorimetric 

readout within a narrow 1-minute range, with any delay possibly causing 

invalidation of the assay.  By stabilizing the color change for a longer time 

period, the assay becomes functionally more robust for the end-user. 

Another advantage to paper-based devices is that creative uses of 

origami can be incorporated for biosensing.  Sun et al. demonstrated as 

much in their origami paper-based sensor for E. coli detection.[309]  Here, 

the authors created a four-panel origami sensor (Figure 2.20B, left).  Panel 

A was an absorbent pad, and panel B contained the dried buffer for cell lysis 

of E. coli.  Panel C contains nanoflowers functionalized with E. coli-specific 

RCD.  A pullulan solution containing RCA reagents is printed onto panel D.  

First, cell lysis of E. coli occurs on panel B and then panels B, C, and D are 

folded together.  The free bacterial intracellular matrix is able to flow 

vertically through the cellulose onto panel C where target-dependent 

cleavage of the substrate strand is achieved (Section 2.4.1.3, Figure 2.4A).  
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Through the same vertical capillary flow, the cleaved DNA fragment is 

captured in panel D where it is used as the primer for subsequent linear 

RCA.  As the CT contains the sequence for PMD formation, the resultant 

RP can be combined with TMB, hemin, and hydrogen peroxide to generate 

a colorimetric signal proportional to the E. coli concentration.  With this 

approach, the authors achieved a detection limit of 100 CFU per mL within 

only 35 minutes (Figure 2.20B, right), and was validated in juice and milk 

samples.  Impressively, the cell lysis step required only 3 minutes though 

washing steps were required prior to initiating the cleavage reaction.  

Though the cleaved substrate strand required PNK treatment, the authors 

simply added the PNK into the pullulan mixture thus no additional step was 

required.  Likewise, after approximately 30 minutes of cleavage, PNK 

treatment, and linear RCA, fresh hydrogen peroxide and TMB was added 

to panel D and colorimetric results were recorded within 1 minute by a digital 

camera.  Here, several reactions were integrated into a single origami paper 

strip with separation of reagents occurring by the inherent wicking 

properties of the paper surface.  Though rapid, it is important to note that 

the PMD reaction is time sensitive and quantification efficiency can be 

adversely impacted by measuring the colorimetric result after 5 or 30 

minutes instead of the 1 minute recommended by the author.  

In another example utilizing nanoflowers, Liu et al. created a paper 

device for the detection of toxin B, a C. difficile biomarker.[328]  The paper 
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device consisted of a sensing zone separated by a disconnected bridge to 

a detection region (Figure 20C, left). The sensing zone had NFs containing 

repeat sequences of hybridized aptamer-primer complexes (Section 

2.4.1.1, Figure 2.2A).  The detection and control zones each contained 

pullulan-encapsulated RCA reagents, though the control zone alone 

featured a control primer.  Upon addition of target to the sensing zone, 

liberated primers were wicked with the buffer to the detection zone using a 

connecting paper bridge.  This dissolved the pullulan and triggered linear 

RCA in the test zone proportional to toxin B, and in the control zone 

independent of toxin B concentration.  This colorimetric PMD approach 

provided a detection limit of 600 pM with an RCA time of 15 minutes and a 

total assay time of 40 minutes (Figure 2.20C, right).  Increasing the RCA 

time to 30 minutes improved the detection limit ten-fold to 60 pM, and 

validated in spiked stool samples.  As with other PMD-based colorimetric 

detection methods, fresh TMB and hydrogen peroxide was added and the 

colorimetric result was recorded within 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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Table 2.5. Paper-based methods 

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

Colorimetric 

nitrocellulose PMD linear aptamer structure-switching (GO) ATP [CM] 10 µM 3 r.t. ≥ 1 hrs [112] 

cellulose PMD linear DNAzyme RCD E. coli [CM] 1000 cells / mL many r.t. 35 min [309] 

nitrocellulose PMD linear aptamer structure-switching (GO) GDH [CM] 3 nM 3 r.t. ≥ 1 hrs [112] 

nitrocellulose cDNA (AuNP) linear aptamer structure-switching Hg2+ [CM] 22.4 nM 3 multiple ≥ 1 hrs [233] 

nitrocellulose PMD linear captamer structure-switching (GO) PDGF [CM] 100 pM many multiple ≥ 1 hrs [114] 

nitrocellulose PMD linear aptamer structure-switching toxin B [CM] 60 pM many r.t. 50 min [328] 

Fluorometric 

cellulose intercalating dye linear aptamer inhibition RCA PDGF 6.8 nM 2  [RT] r.t. 45 min [101] 

cellulose intercalating dye linear aptamer inhibition RCA thrombin 240 pM 2  [RT] r.t. 30 min [101] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 

complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used.
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2.8.4 Electrochemical Biosensors 

Electrochemical methods rely on consumption or accumulation of 

electroactive species at the surface of an electrode, which are typically 

monitored as changes in either current, voltage, or impedance, allowing 

rapid detection of a target species. Though NAs are generally not useful 

electrochemically in solution at moderate voltages, the electrochemical 

analysis of NAs has long capitalized on their inherent electrochemical 

properties,[336,337] including those that form G-quadruplexes and PMDs.[338]  

Electrochemical detection of RCA-generated DNA is possible using several 

techniques,[96,339]   as electrochemically active species (often denoted as 

mediators) can be accumulated at electrode surfaces through adsorption or 

intercalation with DNA, hybridization of labelled DNA species, or generation 

of electroactive DNAzymes. In many cases, the polymeric RP is generated 

directly at the electrode surface where it can act as a scaffold to attract 

redox probes for electrochemical RP detection.[340–342]  Electrochemical 

assays are most often solid-phase assays due to the nature of the chemical 

interactions at the electrode, a solid surface. However, it is important to note 

that electron transfer rates drop exponentially with distance of the redox 

mediator from the electrode surface.[343]  Thus it is important to ensure that 

such species bind in close proximity to the electrode surface (within a few 

nanometers), making it important to avoid generation of very large reaction 

products that extend far from the electrode surface.[344]  The sensitivity of 
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the electrode also warrants coating the surface with blocking agents to 

prevent nonspecific interactions with an assay’s components, with washing 

steps being a common strategy for maintaining low background signals.   

The balance between assay complexity and sensitivity is particularly 

delicate for electrochemical POC assays because instrumentation cannot 

be avoided. However with care, electrochemical assays can also be some 

of the most sensitive detection methods that can be paired with ASSURED 

criteria. Numerous FNA-based RCA electrochemical biosensors have been 

developed for sensitive target detection in real samples, including for human 

serum,[96,106,266,285,286,288,313,340,342,345–350] plasma,[303] blood,[290,341] urine,[351] 

beverages,[138,302,352,353] foodstuffs,[128,282] and environmental 

samples.[194,354] Below, we highlight electrochemical methods of RCA 

detection that are best suited for POC testing in low-resource settings.    As 

well, these methods are summarized in Table 2.6. 

2.8.4.1 Sandwich assays  

With the many advantages of aptamers and popularity of sandwich-type 

detection (such as ELISAs, the gold standard in clinical diagnostics for 

detecting and quantifying protein biomarkers), a large portion of the current 

generation of FNA with RCA biosensors use dual antibody/aptamer 

interactions (Section 2.4.2.1, Figure 2.5D) to detect their 

target,[184,213,355,356,229,250,255,265,314,320–322] including in electrochemical 

sensors.[96,282,288,290,302,303,313,342,352,357]  A sandwich-assay utilizing a PDGF 
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aptamer and RCA was demonstrated as early as 2007 by Zhou et al. using 

alkaline phosphatase (ALP).[96]  Here, an anti-PDGF capture antibody and 

aptamer formed a sandwich complex with PDGF on a gold electrode surface 

for subsequent PLP ligation and RCA (Figure 2.21A, top).  Biotinylated 

cDNA probes and streptavidin-tagged ALP were complexed and used to 

convert ascorbic acid 2-phosphate into ascorbic acid to reduce silver ions 

deposited on the electrode and monitored by linear sweep voltammetry.  As 

with ELISA, this approach was long (over 5 hours) and required several 

washing steps and reactants necessitating the immobilization of RP on an 

electrode.  However, this isothermal (37˚C) method achieved a detection 

limit of 30 fM for PDGF, which was a 100-fold improvement over the RCA-

free method tested (Figure2. 21A, bottom). 

Rather than incorporating enzymes to generate electroactive species, 

Zhu et al. showed that copper nanoparticles (CuNPs) could be formed along 

electrode-bound RP to detect PSA.[342] Interestingly, this electrochemical 

method was largely predated by fluorometric methods of probing CuNPs, 

though fluorometric methods were by far less stable, limiting their 

application for long-term monitoring.  Then, the polythymine RP generated 

in the presence of PSA was used as a template to grow copper 

nanoparticles from Cu2+ ions and ascorbate over 30 minutes. Nitric acid 

addition dissolves these RP-immobilized CuNPs and the resultant Cu2+ ions 

detected using cyclic voltammetry.  One concern with the use of nitric acid 
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is its storage in POC settings. The authors reported an LOD of 0.02 fg/mL 

for PSA, including in clinical human serum samples. At just over a 5 hour 

reaction time, the majority of the assay time was spent forming the sandwich 

and ligating the CT (3.5 hrs).  These long assay times are typical of ELISAs 

as well. 

Shen et al. utilized a sandwich-assay for the detection of the breast 

cancer cell MCF-7 with an impressive LOD of 1 cell per mL, and was used 

for detection in whole blood samples.[290]  Magnetic beads coated with 

capture antibodies for EpCAM were used to capture MCF-7 and act as an 

anchoring point for subsequent addition of a signalling aptamer-primer 

strand (Figure 2.21B, top).  Incorporating a PLP ligation step followed by 

RCA, this assay used molybdate (PMo12O4
3-) to generate a quantitative 

electrochemical current.  This > 5 hour approach had a recovery range of 

50-77% in spiking experiments of whole blood with no pretreatment, 

perhaps demonstrating why this electrochemical assay was chosen for the 

optically challenging matrix (Figure 2.21B, bottom).  The challenge with any 

sandwich assay is that the capture and signalling probes must bind to 

different epitopes of the target, or the target must be a polymer (dimer, 

trimer, etc.) to facilitate multiple binding sites.   

  A dual-aptamer sandwich assay was demonstrated for the 

electrochemical detection of thrombin by Fan et al. and detected by 

monitoring the accumulation of AuNPs along the RP (Figure 2.21C).[266]    
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First, the capture aptamer was immobilized on the glass electrode by the 

incorporation of a polyA chain at its end, avoiding otherwise expensive or 

time-consuming surface functionalization. AuNPs have been shown to have 

a strong binding affinity for polyadenosine DNA sequences,[267]  and the 

authors also designed the CT to generate a polyadenosine-rich RP which 

provided an anchor for AuNP adsorption onto the RP.[358,359]  Subsequent 

electrocatalytic reduction of H2O2 by the bound AuNPs was monitored using 

cyclic voltammetry to detect thrombin. As this method utilizes the high 

affinity for polyadenosine to facilitate AuNP binding, RP modification was 

relatively straightforward and the authors reported a detection limit of 35 fM, 

with demonstrated functionality in spiked human serum.  

Split aptamers can be used when multiple aptamers targeting different 

epitopes are unavailable or if the use of antibodies is not preferred.  Shen 

et al. used a split aptamer for the detection of cocaine on a gold electrode 

(Figure 2.21D).[351]  In separate parts, the split aptamer for cocaine is not 

effective for target binding, however this can be an advantageous feature 

for sandwich formation.  Where sandwich assays typically separate the 

capture and signalling steps, the split aptamer offered the advantage of 

combining both steps simultaneously as cocaine capture could only occur 

when both split aptamers were present.  As the authors had incorporated a 

biotin onto the signalling split aptamer, they added streptavidin and 

biotinylated primer-CT duplexes to the sandwich.  A complex containing 
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biotinylated cDNA and streptavidin-tagged alkaline phosphatase annealed 

to the RP, where the addition of the redox reactive alpha-naphthyl 

phosphate into solution ultimately led to the detection of as low as 1.3 nM 

of cocaine in buffer and spiked urine samples.  This isothermal (37˚C) 

approach was completed in under 4 hours despite utilizing some more 

laborious methods for tethering and detecting RCA (anchoring of the primer, 

hybridization of an enzyme). 

In certain instances, unorthodox MREs can be incorporated into the 

assay.  Hashkavayi et al. detected EpCAM-positive cells using an EpCAM 

aptamer as the capture probe and an RCA primer tethered to cholesterol as 

the signalling probe (Figure 2.21E, left).[360]  As cholesterol is known to 

interact with binding sites facilitated by membrane proteins, cholesterol 

could interact with the target cell surface, thus avoiding the need for a 

secondary aptamer or antibody.  After sandwich formation, RCA occurred 

on the cholesterol-tethered primer, generating multiple PMD units.  The 

PMD-mediated redox 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 serum (Figure 2.21E, right). 
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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. 
 

2.8.4.2 Sandwich-free aptamer-based assays 

Moving away from sandwich assays, structure-switching aptamers are 

still compatible alternatives for electrochemical sensors.  In a seminal 

example in 2010, Wu et al. applied a structure-switching aptamer approach 

for the detection of PDGF where the structure-switching system was 

combined in one DNA strand such that PDGF-binding led to a conformation 

switch exposing a region complementary to a ligation probe (Figure 

2.22A).[126]    The authors utilized a competitive hybridization approach such 

that upon undergoing this conformation switch, phi29 DP could elongate the 

aptamer to form a hairpin, blocking the binding site for the ligation probe.  

Without this binding site, PLP and RP generation proceed.  In the absence 
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of PDGF, the hairpin is not formed and the ligation strand instead hybridizes 

with the aptamer strand, preventing CT formation.  PDGF-triggered RP was 

subsequently captured on a gold electrode and methylene blue was added 

to enhance the electrochemical signal.  This approach had a detection limit 

of 63 pM. 

Guo et al. showcased a structure-switching aptamer assay for the 

detection of ATP by monitoring the PPi by-product generated during RCA 

(Section 2.4.2.1, Figure 2.5B).[361]  Here, the ATP aptamer is hybridized to 

a cDNA which is tethered to a magnetic bead.  ATP induces cDNA release 

and the aptamer forms a complex with ATP (Figure 2.22B).  E. coli DNA 

ligase is used with a primer strand to convert the aptamer into a suitable CT 

for RCA.  Amplification byproduct PPi can be converted into ATP by 

adenosine 5’-phosphosulfate (APS) and ATP sulfurylase, feeding back into 

the system and triggering the release of more cDNA.  Afterwards, a 

detection DNA probe hybridized to a cadmium sulphate nanoparticle is 

added to bind to the liberated cDNA.  Addition of nitric acid breaks down the 

nanoparticles, and generates a detectable electrochemical signal providing 

a detection limit of 100 pM of ATP and could accurately be used for the 

estimation of ATP in Ramos cells.  

Alternatively, one can simply regulate surface-tethered RCA via an 

inhibition mechanism as shown by Huang et al. for the detection of OTA.[138]  

Here, a gold electrode was functionalized with capture strands 
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complementary to an RP (Figure 2.22C).  In solution, an OTA aptamer was 

hybridized to an unligated CT such that subsequent PLP and RCA steps 

could ligate the CT and permit RCA.  However, with OTA present, the 

ligation failed.  In this way, RP was only generated, and tethered onto the 

electrode surface only occurred in the absence of OTA.  Methylene blue 

was added to intercalate with the RP and enhance the change in surface 

current.  The authors reported a detection limit of 0.065 pg/mL of OTA in 

just over 2 hours, including successful detection in spiked wine samples as 

well. 

Taghdisi et al. offered an interesting approach to converting an inhibition 

RCA regulation approach into a turn-on assay by using the aptamer 

sequence as the CT template (Section 2.4.2.1) (Figure 2.22D).[362]  Here, a 

gold electrode is tethered to a ligation strand hybridized to an anti-OTA 

aptamer at its terminal ends such that the aptamer can become the CT 

using DNA ligase.   However, in the presence of OTA, the aptamer is 

liberated from the gold surface, and no CT can be generated.  Here, a 

ferrocyanide redox agent (Fe(CN)6
3-) is unable to interact with the gold 

electrode inhibiting the redox reaction.  This leaves the redox agent is to 

interact with the gold surface and reduction into Fe(CN)6
4-.  With this 4-hour 

method, the authors reported a detection limit of 5 pM working in clean 

buffer and in spiked grape juice samples. A similar example was reported 

for ATP as well.[363] 
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The electrochemical response generated by PMDs can be further 

enhanced by the incorporation of additional redox active probes.  Qing et 

al. incorporated both H2O2 and NADH as redox reporters into their Pb2+ 

biosensor which generated PMD-rich RP in the presence of the heavy metal 

ion.[354] Addition of NADH allowed the acceleration of electron transfer to the 

electrode surface, and the PMDs act as both a hemin mediated H2O2 

peroxidase and a NADH oxidase. This bienzyme-type approach nearly 

doubled the assay response relative to using only H2O2 and allowed for 

monitoring of RP using differential pulse voltammetry pushing the LOD 

below any other previously reported method at 3.3 fM.  

Real-time monitoring of RCA is relatively straightforward in optical 

devices, however it occurs rarely in electrochemical applications.  Lin et al. 

showcased a method for the real-time electrochemical monitoring of RCA 

on an electrode for the detection of PDGF with a detection limit of 8.8 pM of 

PDGF (Figure 2.22E, top).[364]  The regulation method was very similar to 

the seminal paper for real-time protein monitoring by FNA-RCA by the 

Ellington group (Section 2.4.2.1, Figure 2.5A).[125]  Briefly, binding of PDGF 

to the aptamer causes a conformational switch, allowing the aptamer to be 

converted into a CT through a PLP step.  With primers immobilized on  

sensory surface consisting of an extended-gate field-effect transistor 

(EGFET) surface with a standard complementary metal oxide 

semiconductor (CMOS) sensor, a format devoid of complex wiring and 
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amenable to mass-manufacturing. PDGF-triggered RP is bound to and 

detected by this surface due to the changes in surface charge in real-time 

as RP is generated (Figure 2.22E, bottom), with the assay yielding a LOD 

of 8.8 pM. 

 

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. 
 

2.8.4.3 RNA-cleaving DNAzymes as MREs 

Where sandwich assays require the gradual addition of binding agents 

onto a surface, RCDs catalytically remove protective barriers.  For example, 

Tang et al. used cadmium sulfide QD-DNA probes with an RCD for the 
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detection of lead (II).[149]  The lead (II) RCD is often used as a model 

DNAzyme system. The magnetic beads hosted a Pb2+ DNAzyme sequence 

that cleaved its hybridized strand, allowing multiple cleavage events per 

bound DNAzyme (Figure 2.23A). Depletion of trans-substrate concentration 

in solution leaves a binding region for an unligated CT to hybridize to the 

RCD (Section 2.4.2.3, Figure 2.7C).  After a PLP and RCA step, QD-tagged 

cDNA were added and the unbound washed away. Next, the remaining QDs 

were dissolved using nitric acid, releasing cadmium ions into solution for 

voltametric detection of lead (II) in buffer as well as in spiked water samples.  

This approach achieved a detection limit of 7.8 pM of lead (II) and did not 

need multiple aptamers nor careful design of a split aptamer to be 

developed. 

Tang et al. demonstrated that GOx-modified hybridization probes 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).[261]  Free GOx-DNA 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 pH-monitoring methods, this 

approach required magnetic separation of RP and was resuspended in a 

low-capacity buffer for pH monitoring.  This portable potentiometric Pb2+ 

assay’s LOD was 0.91 nM, operating at room temperature and with spiked 
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water samples.  This approach had a sigmoidal response across three 

orders of magnitude highlighting the sensitivity of the RCD. The authors also 

determined assay efficacy after 5 months of reagent storage at 4˚C with the 

assay retaining 90% activity.  The authors verified the performance of the 

portable reader by comparing signal generation relative to an ICP-MS 

system with good agreement (Figure 2.23B, bottom). With the growing 

availability of portable readers, their integration into electrochemical 

strategies can significantly improve its application at the POC.  

Cai et al. designed an electrochemical device that used a modified 

micropipette tip to aid in their detection of Pb2+ (Figure 2.23C).[194] They used 

a wax-sealed carbon fiber microelectrode (CFME) to sample the solution 

and probe the changing redox environment instigated by target-recognition 

and RCA. Dual-DNAzyme feedback amplification was pioneered in this 

work, using two RCA amplifications simultaneously. This method 

differentiates itself from DFA by incorporating a second CT to participate in 

tandem RCA amplification. Both CTs contain an antisense G-quadruplex 

region. However, the CT1 contains the sequence for the 8-17 DNAzyme 

(Pb2+ DNAzyme), and CT2 contains the antisense sequence for the GR-

5DNAzyme (another Pb2+ DNAzyme). A third substrate as a pre-primer, was 

prevented in participating in RCA through protection from polymerase on 

the 3’ end. This pre-primer can bind to either CT because it contains a G-

quadruplex, but only CT1 houses an active Pb2+ DNAzyme that can cleave 
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the substrate upon Pb2+ binding. Cleavage by CT1 and PNK treatment 

leaves the liberated primer to be extended complementary to CT2, 

producing RP containing alternating units of GR-5DNAzyme and G-

quadruplex regions. This careful design allows for feedback between these 

two tandem amplifications, not only producing many DNAzymes but also 

many G-quadruplex structures. Changes in diffusion were observed with the 

accumulation of RP and increasing intercalation of free methylene blue in 

solution with the G-quadruplex-rich RP. This method is completely 

immobilization-free, 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 free Pb2+ in the river water. The 

CFME showed good electrochemical performance and had a renewable 

electrode surface for multiple uses. 
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Figure 2.23. RCD-RCA assays that use electrochemical detection. (A) 
Electrochemical aptasensor based on Pb2+-DNAzyme cleavage–triggered 
RCA and quantum dot-tagging. (B) Carbon fiber microelectrode (CFME) 
detection of a dual Pb2+-DNAzyme assistant feedback amplification 
strategy. (C) Magnetic bead-bound Pb2+-DNAzyme-RCA assay using pH 
sensing. Figures adapted from references from text. 
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Table 2.6. Electrochemical-based methods. 

Surface Type Detection 

Method 

RCA Method MRE Type Regulation Method Target LOD # Steps Temperature Assay Time Ref. 

solution (mag bead) intercalating dye enzyme-

assisted 

aptamer structure-switching [PLP] adenosine [CM] 0.032 nM many multiple ≥ 8 hrs [340] 

surface (microwell plate) PMD linear aptamer sandwich (apt/Ab) [PLP] aflatoxin M1 [CM] 0.15 ng/mL. many multiple ≥ 6 hrs [352] 

surface (gold electrode) PMD linear aptamer structure-switching [PLP] amyloid β oligomers 
[CM] 

39 fg/mL many 37 °C ≥ 5 hrs [349] 

surface intercalating dye linear aptamer structure-switching [PLP] ATP [CM] 320 pM many multiple ≥ 8 hrs [363] 

solution dNTP monitoring enzyme-

assisted 

aptamer structure-switching [PLP] ATP [CM] 100 pM many multiple ≥ 4 hrs [361] 

surface (gold electrode) cDNA (AuNP) linear aptamer sandwich (apt 2x) [PLP] CEA 6.7 pg/mL many multiple ≥ 6 hrs [346] 

surface (glassy carbon 

electrode) 

intercalating dye linear aptamer sandwich (apt/Ab) [PLP] CEA [CM] 0.05 pg/mL many multiple ≥ 3 hrs [288] 

solution G-quad dye linear aptamer inhibition RCA [PLP] CEA [CM] 2.6 fg/mL many multiple ≥ 5 hrs [285] 

surface (gold electrode) cDNA (enzyme) linear aptamer sandwich (split aptamer) cocaine [CM] 1.3 nM many 37 °C ≥ 3 hrs [351] 

surface (electrode) G-quad dye linear aptamer structure-switching [PLP] C-reactive protein [CM] 16 fM many multiple ≥ 4 hrs [348] 

surface (gold electrode) PMD linear aptamer sandwich (apt/Ab) E. coli [CM] 8 cfu / mL many 37 °C ≥ 4 hrs [302] 

solution PMD linear aptamer sandwich (apt/Ab) gastric cancer 

exosome [CM] 

954 

exosomes/mL 

many multiple ≥ 4 hrs [303] 

surface (glassy carbon 

electrode) 

G-quad dye linear aptamer structure-switching [PLP] Hg2+ [CM] 0.684 pM many multiple ≥ 8 hrs [283] 

surface (gold electrode) PMD linear aptamer sandwich (1x apt, 1x 

cholesterol probe) 

HT29 (EpCAM) [CM] 1 cell /mL many multiple ≥ 5 hrs [360] 

surface (gold electrode) cDNA (AuNP, 

CuNP) 

linear aptamer sandwich (apt 2x) [PLP] LPS [CM] 4.8 fg/mL many multiple ≥ 4 hrs [347] 

surface (glassy carbon 

electrode) 

PMD linear captamer structure-switching LPS 0.07 fg/mL many 37 °C ≥ 3 hrs [144] 
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surface (electrode) cDNA (enzyme) linear aptamer structure-switching [PLP] maltathion [CM] 0.68 pg/mL many multiple ≥ 4 hrs [353] 

surface (electrode) intercalating dye linear aptamer sandwich (apt/Ab) [PLP] MCF-7 (cancer cell) 
[CM] 

1 cell /mL many multiple ≥ 5 hrs [290] 

surface (gold electrode) GO@Fe3O4@P

t for peroxidase 

activity 

linear aptamer sandwich (apt/Ab) MPT64 [CM] 0.34 fg/mL many 37 °C ≥ 3 hrs [313] 

solution PMD enzyme-

assisted 

aptamer structure-switching [PLP] MUC1 [CM] 0.71 fg/mL many multiple ≥ 7 hrs [304] 

solution G-quad dye enzyme-

assisted 

aptamer inhibition RCA [PLP] NF-κB p50 [CM] 3 pM many multiple ≥ 3 hrs [286] 

surface (gold electrode) G-quad dye linear aptamer structure-switching NF-κB p65 [CM] 8.3 fM many multiple ≥ 4 hrs [345] 

surface (gold electrode) intercalating dye linear aptamer inhibition RCA [PLP] OTA [CM] 0.065 ppt many multiple ≥ 2 hrs [138] 

surface (gold electrode) intercalating dye hyperbranche

d 

aptamer structure-switching [PLP] OTA [CM] 0.02 pg/mL many multiple ≥ 8 hrs [128] 

surface (gold electrode) Fe(CN)6
(3-/4-) linear aptamer inhibition RCA [PLP] OTA [CM] 5 pM many multiple ≥ 4 hrs [362] 

solution cDNA (QD) linear DNAzyme RCD [PLP] Pb2+ [CM] 7.8 pM many multiple ≥ 3 hrs [149] 

solution (mag bead) cDNA (enzyme) enzyme-

assisted 

DNAzyme RCD [PLP] Pb2+ [CM] 0.91 nM many r.t. ≥ 4 hrs [261] 

solution G-quad dye DFA DNAzyme RCD Pb2+ [CM] 48 fM many multiple ≥ 2 hrs [194] 

surface (glassy carbon 

electrode) 

PMD linear DNAzyme RCD [PLP] Pb2+ [CM] 3.3 fM many multiple ≥ 5 hrs [354] 

surface (gold electrode) non-intercalator linear DNAzyme RCD Pb2+ [CM] 290 fM many multiple ≥ 4 hrs [350] 

surface (gold electrode) cDNA (enzyme) linear aptamer sandwich (apt/Ab) [PLP] PDGF [CM] 10 fM many 37 °C ≥ 5 hrs [96] 

surface (gold electrode) intercalating dye linear aptamer structure-switching [PLP] PDGF 63 pM many multiple ≥ 5 hrs [126] 

surface (gold electrode) intercalating dye hyperbranche

d 

aptamer structure-switching [PLP] PDGF 1.6 fmol/L many multiple ≥ 2 hrs [185] 

surface cDNA (DNA) linear aptamer structure-switching [PLP] PDGF [CM] 8.8 pM many [RT] multiple ≥ 3 hrs [364] 

surface cDNA (AuNP, 

CuNP) 

linear aptamer sandwich (apt/Ab) [PLP] PSA [CM] 20 ag/mL many multiple ≥ 5 hrs [342] 
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solution PMD linear aptamer sandwich (apt/Ab) [PLP] PSA [CM] 16.3 pg/ML many 37 °C ≥ 7 hrs [357] 

surface (screen printed 

glass electrode) 

G-quad dye 

(methylene blue) 

linear aptamer inhibition RCA PSA] 22.3 fM many not reported ≥ 8 hrs [284] 

surface (gold electrode) methylene blue enzyme-

assisted 

aptamer structure-switching S. aureus [CM] 9 CFU/mL many multiple ≥ 5 hrs [287] 

surface (gold electrode) cDNA (enzyme) linear aptamer structure-switching S. typhimurium [CM] 19498 cfu/mL many 37 °C ≥ 4 hrs [259] 

surface (gold electrode) intercalating dye hyperbranche

d 

aptamer structure-switching [PLP] thrombin [CM] 1.2 aM many multiple ≥ 7 hrs [127] 

surface (glassy carbon 

electrode) 

intercalating dye linear aptamer structure-switching thrombin [CM] 34.6 fM many 37 °C ≥ 8 hrs [106] 

surface (gold electrode) cDNA (AuNP) linear aptamer sandwich (apt x2) [PLP] thrombin [CM] 35 fM many multiple ≥ 6 hrs [266] 

surface (gold electrode) cDNA (enzyme) linear aptamer structure-switching [PLP] thrombin [CM] 35.3 fM many multiple ≥ 7 hrs [258] 

surface (gold electrode) cDNA (AuNP) linear aptamer sandwich (apt/Ab) V. parahaemolyticus 
[CM] 

2 cfu/mL many multiple ≥ 3 hrs [282] 

[a] Table Footnote. [b] … [RT] denotes that detection was done with real-time monitoring; [PLP] denotes that the assay used a padlock probe ligation reaction; [CM] denotes that the assay was tested with 
complex media; “many” denotes any assay that required 4 or more steps; r.t. denotes that room temperature was used. 
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2.9 Summary and Future Outlook 

A notable theme with NABs is the interchangeability of the recognition, 

and detection strategies.  This is also evident in RCA-based FNABs as the 

number of possible variations of regulation, amplification, and detection 

strategies can be overwhelming.  There is no doubt that RCA is the most 

prolific ITA method.  Every week, new variations of FNA-based RCA 

methods are published, representing as much as 50% of all FNA-based ITA 

methods (Figure 2.24).  The flexibility is a massive boon for rationally 

designing the most appropriate RCA assay.  However, it is because there 

are so many choices that it is especially important to be thorough and 

strategic in deciding on the individual components, especially as different 

POC applications may have unique characteristics and demands that make 

certain strategies more practical than others.  This is particularly true with 

paper-based biosensing, which comes with a host of advantages under the 

right conditions.  As such, it is imperative that the assay requirements are 

well understood such that the best combinations can be selected. 
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Figure 2.24. Frequency of publications mentioning RCA and FNAs 
compared to the frequency of publications mentioning any ITA method and 
FNAs as per Web of Science.  The total number of publications in 2021 was 
estimated based on the number of publications as of June 2, 2021. 
 

2.9.1 Regulation of RCA by FNAs 

The first step in selecting the optimal molecular recognition strategy is 

determining whether to regulate the primer or CT for RCA.  If real samples 

contain a substantial number of exonucleases or potential interferents, 

regulating the CT would allow one to take advantage of the exonuclease 

resistance properties accredited to captamers.  Conversely, if the sample 

matrices are relatively simple, integrating a linear aptamer may be most 

effective as the pool of tested captamers remains limited.  Another 

fundamental consideration is cost limitations.  Incorporating rGO can be a 

powerful alternative to structure-switching aptamers with the added benefit 

of providing nuclease resistance however the high batch to batch variability 

may complicate its applications for low-resource.[108]  Likewise, some 

tripartite structure-switching designs may necessitate DNA functionalization 
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to protect from nonspecific 3’-exonuclease digestion by phi29 DP.  Even the 

final sensitivity of the assay can be greatly affected by the recognition 

strategy used.  Strategies utilizing target binding to inhibit RCA provide a 

particularly straightforward assay platform but can limit sensitivity 

downstream due to practical limitations of inhibitory assays.  Using 

structure-switching aptamers can be a double-edged sword as though many 

creative strategies exist, poor design of the structure-switching aptamer can 

hamstring its apparent binding affinity.   

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 use of DNAzyme 

ligases or DNAzyme kinases, have relatively limited utility.  In addition, 

methods that modulate the CT often require additional components, such 

as ligase enzymes, or require multiple separation or washing steps, which 

are challenging to integrate into simple POC devices.  Even so, through 

careful design it is possible to design homogeneous assays using either 

aptamers or DNAzymes as MREs, and modulation of primer or CT 

availability to initiate RCA.   

2.9.1 Amplification Methods 

Luckily, any shortcomings in regulation strategies (such as binding 

affinities) can be mitigated with appropriate amplification strategies.  When 

the application demands particularly sensitive detection, E-RCA techniques 
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can improve LODs by several orders of magnitude.  This can be particularly 

pertinent when handling complex media such as blood or stool samples 

which necessitate several dilutions.  However, if clinically relevant or 

actionable amounts of analyte are easily accessible, or the sample 

inherently has minimal interferents, then careful optimization of the CT 

combined with linear RCA may be sufficient.  For instance, an E-RCA 

method may provide a working dynamic range for early detection of disease 

progression, but linear RCA may be better suited for later stages of disease 

monitoring when the analyte is more abundant.  Further, the equipment 

limitations of the POC setting must be considered.  In a laboratory setting 

where high quality optical readers are abundant, linear RCA can provide 

sufficient RP for detection. In low-resource settings relying only on the 

human eye, E-RCA may be required to make the assay readout more 

definitive.   

2.9.3 RCA Detection Outputs 

Though the ASSURED criteria promotes POC assays that are accessible 

in low-resource areas with limited expertise and instrumentation, the 

selection of a colorimetric, fluorometric, or electrochemical approach is 

ultimately governed by the resources and requirements of the end-user.  

Colorimetric assays can be interpreted by eye, making them a popular 

choice for detection despite often requiring additional washing or handling 

steps. As colorimetric methods are fundamentally less sensitive than their 
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fluorometric counterparts, they are best suited for applications where there 

is a high abundance of RP or where semi-quantitative answers are 

sufficient. Optical readers may improve assay sensitivity, and technological 

advances have made access to miniature and portable optical readers 

increasingly affordable especially with the increasing ubiquity of cell phones 

which can be used as optical devices.[205]  Where fluorometric readers are 

available, the assays benefit from increased sensitivity and can incorporate 

real-time monitoring of RP generation or fluorogenic multiplexing. In the 

absence of significant sample handling and preparation steps, media such 

as blood and faecal matter can be difficult to monitor optically due to their 

opacity.  Electrochemical strategies provide an avenue for handling 

complex samples while maintaining ultrasensitive assay performance with 

the caveat that these assays often require additional washing or handling 

steps in addition to readers to allow for complex media analysis. Ultimately, 

careful consideration of the optimal detection strategy is essential for 

developing POC devices and can significantly decrease assay complexity.  

2.9.3.1 FNA-Based POC Biosensors Utilizing RCA 

Whereas the strategies in Chapters 2-4 aimed to guide readers in their 

considerations for biosensor development, Chapter 5 detailed numerous 

seminal works and recent publications in the literature that use these 

strategies to great effect. Though these assays may share many similarities 

or core schematic components, they differ greatly in assay time, 
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sensitivities, and ease of use.  Colorimetric detection methods are perhaps 

the most user-friendly POC detection methods for diagnostic tests as it is 

possible to directly visualize color changes by eye, avoiding the need for an 

external reader device. Though colorimetric detection is generally less 

sensitive than either fluorometric or electrochemical methods, its integration 

with ITA techniques is usually sufficient to allow detection limits in the low 

picomolar or even femtomolar range.  Fluorometric methods require a 

reader to detect a signal, however, there have been many examples using 

either smartphones or affordable portable fluorescence readers for 

detection, making such assays more amenable to use in low-resource 

settings.[204–206]  While electrochemical detection also requires a reader, 

there are many portable and inexpensive electrochemical readers that are 

compatible with the ASSURED criteria, including widely available devices 

such as the glucose meter.[365] While many electrochemical methods require 

longer operation times than other optical strategies, their incredible 

sensitivity and strengths with handling optically complex sample matrices 

makes them serious contenders for POC applications.  As demonstrated, 

assay time can be greatly shortened by incorporating alternative assay 

designs which could improve its application at the POC.   

To emphasize the importance of decentralizing these assays from the 

laboratory, we discuss assays that incorporate solution and solid-phase 

designs that may be more easily performed at the POC. Solution-phase 
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assays, whether homogeneous or heterogeneous, may incorporate some 

amount of liquid manipulation and washing steps. Heterogeneous assays 

move beyond just the solution phase by incorporate particulate solids, often 

for MRE immobilization and washing. Solution-phase assays that minimize 

user interaction, such as those denoted as one-pot, act to minimize this 

concern central to solution-based POC analysis. Solid-phase biosensors 

and bioassays like those performed in microwell plates, microfluidic chips, 

or paper-based devices use the solid interface to manipulate the assay 

solution. Microfluidic devices and paper-based devices demonstrate that 

beyond acting as solid supports for MRE, the solid surface can be used to 

direct and manipulate flow and enable sequential on-device processes 

independent of user input.   

2.9.4 Future Outlook 

Using FNA-based strategies for regulating RCA can yield flexible and 

tunable platforms for biosensing. Though the antibody-antigen interaction 

continues to constitute the most popular mechanism of biorecognition for 

many biological assays,  NA-based alternatives to traditional antibody-

based diagnostics systems have garnered interest in part because of their 

expanded toolbox of analytes, as well as advantages with synthesis and 

handling.[4,7,366]  Further, as this review has highlighted, the incorporation of 

RCA adds a powerful method for ultrasensitive detection of numerous 

analytes beyond NAs. With the emergence of RCA-linked biosensing in the 
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late 90s, we have seen over thirty years of advancements in techniques 

across all stages of the assay process.  Though true POC examples remain 

limited, great strides have been made towards this goal.  Here we discuss 

some of the ongoing challenges facing the diagnostics field, how RCA-

linked FNABs can help overcome them and highlight areas we hope to see 

advance. 

A global interest in early disease-state biosensing in preventative 

healthcare measures grows in the 21st century. [367] These applications may 

require extremely sensitive sensing methods as analytes often exist at low 

concentrations at early stages of disease before clinical symptoms present. 

Clinical biosensors may reduce the burden on healthcare infrastructure 

ideally offering fast and accurate results at the POC to guide the appropriate 

prescription of drugs, reducing frequency and duration of clinic visits, as well 

as decreasing the workload of medical staff. [368–371]  Perhaps most 

importantly, assays should strive to validate their assays’ proficiency with 

clinically relevant matrices because despite their utility, many of the RCA 

methods remain untested with real samples specifically.  To our benefit, 

creative advancements in converting linear RCA into E-RCA gives hope that 

some sample matrix challenges can be overcome with sample dilution and 

signal recovery with amplification. 

While there is an application, time and place for both laboratory-based 

assays and POC biosensors, there is increasing interest in biosensors that 
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compete with conventional multi-day laboratory testing.  As well, reaction 

temperatures are equally critical.  As phi29 DP is effectively able to operate 

at room temperature, it is pertinent to ensure that other steps are equally 

compatible at the same temperature.  Fortunately, solutions exist for 

equipment-free heating elements that are compatible with POC devices.[372]  

These tools can help serve as a compromise as we work toward truly 

isothermal sensors.  On-site biosensors for environmental assessment are 

especially useful in remote areas with the importance of monitoring water 

quality an ongoing pursuit.  To this end, it is desirable to move POC assays 

from solution onto paper platforms as they are robust, cheap, and easy to 

store and transport.  Ideally, paper-based assays should provide a 

procedurally simple, user-friendly, and interpretable test. Despite the many 

advantages, adopting RCA-based strategies to paper-based detection can 

be challenging.  Though there are several paper-based RCA-linked FNAB 

examples available, the vast majority are performed in paper-based wells.  

At this stage, a renewed focus should be on the incorporation of lateral flow 

strategies to take full advantage of the inherent wicking properties of paper 

for sample handling. 

We believe that optical detection methods, especially those that give 

easy to interpret real-time results, will make future RCA-based FNABs 

competitive on a global scale.  For assay readouts, colorimetric methods 

such as hemin/G-quadruplex peroxidase-mimicking DNAzymes are 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

157 
 

commonly used to achieve naked-eye detection. However the peroxidase-

mimicking reaction requires stringent buffer conditions making real-time 

monitoring challenging. We look forward to increased innovation in this 

portion of the field, including incorporation of real-time colorimetric sensing 

methods.  While there are fewer examples of colorimetric detection 

strategies, there are numerous examples of real-time fluorogenic detection 

strategies for RCA.  Though portable fluorescent readers are becoming 

increasingly prevalent, the simplicity of a test that can be interpreted by the 

naked eye should not be understated. As an example, real-time colorimetric 

monitoring has already been demonstrated for LAMP-linked NABs using 

crystal violet as an intercalating dye.[373,374]  As DNA probe functionalization 

can otherwise constitute a large fraction of an assay’s cost, migration of 

alternative real-time colorimetric monitoring techniques of NAs to RCA 

applications alongside other discoveries could significantly minimize the 

costs of optical probes. 

To our knowledge, there are currently no commercially available RCA 

biosensors, hence there is clearly a need to produce simpler and faster RCA 

assays with real-world applications.  The advent of the COVID-19 pandemic 

has put into hyper-focus the need for rapid and reliable POC testing 

particularly for early disease-state monitoring.  This crisis has led to an 

enormous surge of innovation and novel ideas and we are optimistic that 

these efforts will propel the field of sensitive POC FNABs forward.  We are 
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confident that advancements in RCA-linked FNABs do not necessitate 

reinventions of the wheel but rather finding the right vehicle to hitch our 

templates to.  

Keywords: rolling circle amplification • aptamers • DNAzymes • POC 

biosensors • isothermal amplification  
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CHAPTER 3.  

PROTEIN-MEDIATED SUPPRESSION OF ROLLING CIRCLE 

AMPLIFICATION FOR BIOSENSING WITH AN APTAMER-

CONTAINING DNA PRIMER 

3.1 Author’s Preface 

The following chapter was published in Chemistry – A European Journal 

under the citation: 

 

Roger M.  Bialy, Monsur M. Ali, Yingfu Li, and John D. Brennan. 

Protein-Mediated Suppression of Rolling Circle Amplification for 

Biosensing with an Aptamer-Containing DNA Primer. Chem. Eur. J. 

2020 26(20): 5085-5092, DOI: 10.1002/chem.20200245 

 

I was responsible for all experimental design, execution and analysis 

included in this chapter.  Dr. Ali provided insight into sensor troubleshooting.  

I wrote the first draft of the manuscript.  Dr. Brennan and Dr. Li provided 

editorial input to generate the final draft of the paper.  This article has been 

reprinted with permission from John Wiley and Sons ©. 
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3.2 Abstract 

We report a method to detect proteins via suppression of rolling circle 

amplification (RCA) by using an appropriate aptamer as the linear primer 

(denoted as an aptaprimer) to initiate RCA.  In the absence of a protein 

target, the aptaprimer is free to initiate RCA, which can produce long DNA 

products that are detected via binding of a fluorescent intercalating dye.  

Introduction of a target causes the primer region within the aptamer to 

become unavailable for binding to the circular template, inhibiting RCA.  

Using SYBR Gold or QuantiFluor dyes as fluorescent probes to bind to the 

RCA reaction product, it is possible to produce a generic protein-modulated 

RCA assay system that does not require fluorophore- or biotin-modified 

DNA species, substantially reducing complexity and cost of reagents. 

Based on this modulation of RCA, we demonstrate the ability to produce 

both solution and paper-based assays for rapid and quantitative detection 

of proteins including platelet derived growth factor and thrombin. 

3.3 Introduction 

DNA amplification is a widely used technique in many fields, and has 

particular utility in the area of molecular diagnostics.  While early work 

focussed on DNA amplification via the polymerase chain reaction (PCR), 

more recent studies have focused on isothermal DNA amplification 

methods, such as strand displacement amplification (SDA),1–3 

recombinase-polymerase amplification (RPA),1 loop-mediated amplification 
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(LAMP),1,2,4 helicase dependent amplification (HDA),1,2,4,5 hybridization 

chain reaction (HCR)1,6 and rolling circle amplification (RCA).7–9 These 

methods are easier to perform and have the power to deliver ultrasensitive 

detection of nucleic acid species.   

Over the past decade there has been increasing interest in utilizing DNA 

amplification methods for the detection of non-nucleic acid targets.  

Common strategies involve the use of nucleic acid modified antibodies (i.e., 

immuno-RCA10,11 and immuno-HCR12,13), antibody-directed proximity 

ligation assays14–16 and target binding to a DNA aptamer or DNA enzyme 

(DNAzyme) as a means to modulate the degree of amplification achieved 

by a given isothermal amplification (ITA) system.  In the latter case, 

examples include: the use of a proximity extension assay involving both a 

linear and circular aptamer that combine to perform RCA;17 circle ligation-

RCA18 involving aptamers switching conformation upon protein binding to 

allow ligation into a circle to initiate RCA; nicking enzyme-assisted recycling 

using aptamer hairpin switches;19–22 exonuclease-assisted amplification 

assays;23–26 and aptamer-mediated SDA systems wherein the aptamer-

protein complex modulates SDA.27–30  While these methods provide the 

ability to detect proteins at low levels, there are several drawbacks, 

including the need for specially modified antibodies and separation steps 

for immuno-coupled ITA methods, requirements for specially modified 

nucleic acids (i.e., carrying optical or electrochemical labels) and multiple 
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primers or processing enzymes for most of the aptamer-coupled ITA 

methods,  or a requirement for operation of ITA reactions at elevated 

temperatures, which makes it difficult to adapt such assays to simple point-

of-care devices, such as lateral flow tests or paper analytical devices, to 

allow use at the point of care (POC). 

With regard to POC tests, RCA has several advantages over other ITA 

methods.  It can be performed at room temperature, requires minimal 

reagents (a linear and circular primer and one processing enzyme) and is 

compatible with many types of assay outputs.31–35  Our groups have 

reported on several methods to modulate RCA using a protein target, 

including: integration of a protein-binding aptamer into a circular template to 

modulate rolling circle amplification (RCA);36 binding of a protein to release 

an aptamer-primer conjugate from reduced graphene oxide (rGO) to initiate 

RCA;32,34 using an aptamer to inhibit a linear primer from being extended 

along a circular template until target binds to release the aptamer;37 and use 

of protein-binding DNAzymes that can release a DNA primer upon catalytic 

cleavage of an embedded ribonucleic acid to initiate RCA.38   While such 

systems could often be integrated into paper-based POC devices, the 

assays still required multiple steps and expensive reagents such as rGO or 

doubly-labelled DNAzyme species, or addition of labile reagents such as 

hemin or peroxide to generate a signal.   
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Herein, we describe a simplified method to couple protein-binding 

aptamers to isothermal amplification, which can be performed as a one-pot 

reaction without using any labelled or otherwise modified DNA species, and 

can be easily adapted to a paper-based POC device.  The assay (Fig. 3.1) 

utilizes a protein-binding aptamer that can also act as the linear primer to 

initiate RCA (denoted as an aptaprimer).  In the absence of target, the 

aptaprimer (AP) can bind a complementary circular template (CT) and 

initiate RCA in the presence of phi29 DNA polymerase (ϕ29DP) and dNTPs 

to produce a long DNA reaction product (RP) that is able to bind to 

fluorescent dyes such as SYBR GoldTM or QuantiFluorTM to generate a 

fluorescence signal (Fig. 3.1A).  Addition of a protein target causes the 

aptaprimer to form an aptamer-protein complex, which prevents binding of 

the aptaprimer to the CT, inhibiting RCA and modulating the fluorescence 

signal.  In the AP, the primer-binding region is embedded within the native 

aptamer at the 3’-end. Polymerization of the AP strand occurs on the 3’-end 

with displacement of hybridized AP by ϕ29DP as it reads through the CT 

(Fig. 3.1B).  We demonstrate the assay system for detection of two proteins, 

platelet derived growth factor (PDGF) and thrombin, and highlight the ability 

to couple protein-mediated isothermal DNA amplification to an output signal 

in a simple one-step assay format that can be utilized both in solution or as 

part of a paper-based POC test (Fig. 3.1C). 
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Figure 3.1. (A) Schematic representation of an aptaprimer for target-
mediated generation of RCA product by incorporating an intercalating dye 
such as SYBR Gold or QuantiFluor. Addition of a protein target prevents 
binding of the aptaprimer to the circular template, inhibiting RCA. (B) 
Aptaprimer concept: the circle-binding region is embedded within the native 
aptamer strand on the 3´-end.  Polymerization occurs from the 3´-end with 
ϕ29DP displacing hybridized aptaprimer to continue elongation of the RP.  
(C) Sample mixed with aptaprimer and intercalating dye is spotted onto a 
wax-contained cellulose well holding pullulan-encapsulated RCA reagents 
(ϕ29DP, CT, and dNTPs) allowing for real-time one-step RCA and 
production of a fluorescence signal. 

3.4 Results and Discussion 

As noted above, our groups have previously investigated the inhibition of 

RCA based on binding of protein targets to aptamers present within the 

circular template.36  In this case, RCA was inhibited due to the inability of 

ϕ29DP to read through the bound protein and extend the primer.  However, 
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this approach requires that linear aptamers be ligated to form circular 

aptamers, which can severely alter performance,39,40 or that circular 

aptamers be selected directly from circularized pools of DNA.41  Given that 

the vast majority of aptamers are linear, we were interested in determining 

whether a protein-aptamer complex that was partially complementary to a 

circular template (i.e., an aptaprimer) would prevent RCA owing to an 

inability to bind the circular template, as such an approach should be 

amenable to any linear aptamer and thus be more versatile.   

Our initial studies utilized the anti-PDGF aptamer as the linear 

aptaprimer, along with a circular template containing a variable number of 

complementary nucleotides so as to modulate the binding affinity of the CT 

to the anti-PDGF aptamer.42,43  This optimization is analogous to that used 

for developing structure-switching aptamers.44–46  The number of 

complementary nucleotides was varied from as short as 9 nt up to the full 

length of the AP (35 nt).  Complementary regions shorter than 9 nt were not 

investigated, as significantly shortened primers can reduce the extent of 

amplification due to a hindered rate of RCA initiation.47   

Figure 3.2 shows native polyacrylamide gel electrophoresis (nPAGE) 

data to evaluate the binding between the PDGF aptaprimer (P-AP) and the 

CT, with and without PDGF, using 12 (Fig. 3.2A), 18 (Fig. 3.2B), 27 (Fig. 

3.2C) and 35 (Fig. 3.2D) complementary nucleotides in the CT.  A pairing 

sequence of 12 nt did not result in duplex formation between the CT and AP 
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under any conditions (Fig. 3.2A; this was also observed for a CT with 9 

complementary nucleotides, data not shown) and thus was not investigated 

further. As shown in Figure 3.2B, use of an 18 nt complementary region 

allowed duplex formation between the CT and AP in the absence of PDGF, 

though some unbound CT and AP was still present.  Addition of PDGF to 

the AP prior to the addition of CT caused the formation of an AP-target (AP-

T) complex, and importantly, no AP-CT duplex band was observed, even at 

elevated levels of CT (2:1 mole ratio of CT:AP).  In addition, no AP-CT-T 

triplex was observed.  This suggested that binding of PDGF to the AP 

prevented binding of the CT to the same AP, which should thus prevent 

RCA (see below).   

Increasing the primer-binding region to 27 nt (Fig. 3.2C) showed 

improved duplex formation in the absence of PDGF with less free AP and 

CT present in the gel.  However, a faint band corresponding to the AP-CT 

complex can be observed at higher CT:AP mole ratios, which could 

potentially lead to background RCA.  In addition, the CT showed a 

secondary band in the nPAGE, which may have resulted from the CT 

adopting an intramolecular secondary structure with an altered mobility on 

the gel.48  Increasing the primer-binding region to the full length of the PDGF 

aptamer (35 nt, Fig. 3.2D) led to strong duplex formation in the absence of 

PDGF, with no visible band corresponding to free AP.  However, even in 

the presence of PDGF, clear formation of an AP-CT duplex band was 
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detected by nPAGE (as well as a primary and secondary CT band, as was 

observed for the 27 nt CT), which would be expected to produce significant 

background RCA, and potentially require significantly higher concentrations 

of PDGF to initiate the inhibition reaction.  Based on the results above, a CT 

with an 18 nt complementary region was selected for further studies. A mole 

ratio of 1:1 CT:AP was chosen based on titration of CT into AP (Fig. 3.2B) 

and titration of AP into CT (Fig. S3.1), both of which showed a high level of 

AP-CT duplex at a 1:1 ratio in the absence of PDGF. 

 

Figure 3.2. Determination of RCA inhibition mechanism using nPAGE 
analysis showing the presence of aptaprimer (AP), circular template (CT), 
AP-CT duplex and aptamer-target (AP-T) complex with and without PDGF 
using a circular template containing a: (C12) 12 nucleotide binding region; 
(C18) 18 nucleotide binding region; (C27) 27 nucleotide binding region; 
(C35) 35 nucleotide binding region. T = target (specifically PDGF).  The 
concentration of reagents used was 0 or 20 nM for AP, 0-40 nM for CT, and 
0 or 100 nM for PDGF. 
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We next examined the effect of varying the concentration of PDGF on 

the formation of the AP-CT duplex and AP-T complex using the 18 nt 

complementary region (Fig. 3.3A), as well as the effect of PDGF 

concentration on RCA efficiency (Figs. 3B-D).  nPAGE data demonstrated 

that increased concentrations of PDGF caused a loss of the AP-CT duplex 

band and a corresponding increase in the AP-T complex band.  More 

importantly, denaturing PAGE demonstrated that in the absence of PDGF, 

the AP-CT system was able to initiate the RCA reaction (Fig. 3.3B), 

producing substantial reaction product (RP band in the gel, note that all RP 

bands are measured relative to a loading control, LC).  RCA efficiency was 

also tested with CTs with complementary regions of 12, 27 and 35 nts; 

however, the 18 nt system was determined to produce the highest degree 

of amplification (Fig. S3.2).  Increased concentrations of PDGF were 

observed to produce a decrease in the intensity of the band for the RP (Fig. 

3.3B), confirming that the formation of the AP-T complex prevented the AP 

from binding to the CT, in agreement with Figure 3.3A, and thus was able 

to inhibit the RCA reaction.  As a control, BSA was used in place of PDGF, 

and was observed to be unable to inhibit the RCA reaction, indicating that 

the inhibition was caused specifically by the presence of PDGF (Fig. 3.3C).  
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Figure 3.3. Inhibition assay using an anti-PDGF aptaprimer system. (A) 
Native PAGE (8%) of the species formed when the PDGF aptaprimer is 
complexed with increasing amounts of PDGF, followed by addition of CT; 
(B) Denaturing PAGE (10%) of RCA product after treatment with TaqI 
Restriction Enzyme in the presence of increasing amounts of PDGF. LC 
denotes the loading control; (C) Denaturing PAGE (10%) of RCA product, 
denoted as RP, after treatment with TaqI Restriction Enzyme in the absence 
of protein, and in the presence of 1 µM of either BSA or PDGF. LC denotes 
the loading control; (D) Titration curve of RCA product generation in the 
presence of PDGF monitored in real-time using either SYBR Gold or 
QuantiFluor as intercalating dyes.  All RCA reactions were conducted for 30 
minutes. 

To monitor this inhibition of the RCA reaction in real-time, two 

intercalating dyes (SYBR Gold and QuantiFluor) were used to quantify the 

amount of RP produced as a function of PDGF concentration (Fig. 3.3D).  

In both cases, the fluorescence response was determined to be dependent 

on PDGF concentration, with the SYBR Gold dye providing a limit of 

detection (LOD) of 10 nM (3σ) using a RCA reaction time of 30 minutes at 
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room temperature, and the QuantiFluor dye providing an LOD of 25 nM (3σ) 

with a somewhat narrower dynamic range under identical reaction 

conditions.  These values are an order of magnitude higher that those 

reported for non-amplified assays of PDGF (0.1 – 1 nM),18,43,49 but 

significantly higher than previously reported PDGF assays utilizing RCA (1 

– 10 fM).37,50  The poorer performance is likely a result of the use of an 

inhibition assay, where it is more difficult to see a small change in signal on 

a high background.   

We note that it is also possible to form the AP-CT duplex prior to the 

addition of PDGF, in which case the added PDGF can bind to the AP when 

present in a duplex and either displace the AP from the CT or form a 

tripartite AP-CT-T complex, both of which can inhibit RCA (Fig. S3.3).  

However, this method requires both a longer incubation time (1 h) to allow 

displacement of the AP from the CT, and an additional step involving later 

addition of phi29DP, as the presence of the enzyme when PDGF is added 

will lead to high background RCA.  As shown in Fig S3, this procedure also 

leads to higher variability in the data, with more scatter and higher error 

bars. 
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Figure 3.4. Inhibition assay using an anti-thrombin aptaprimer system. (A) 
Native PAGE (8%) of the species formed when the thrombin aptaprimer was 
complexed with increasing amounts of thrombin, followed by addition of CT; 
(B) Denaturing PAGE (10%) of RCA product after treatment with TaqI 
Restriction Enzyme in the presence of increasing amounts of thrombin. LC 
denotes the loading control; (C) Denaturing PAGE (10%) of RCA product, 
denoted as RP, after treatment with TaqI Restriction Enzyme in the absence 
of protein, and in the presence of 1 µM of either BSA or thrombin. LC 
denotes the loading control; (D) Titration curve of RCA product generation 
in the presence of thrombin monitored in real-time using either SYBR Gold 
or QuantiFluor dyes.  All RCA reactions conducted for 15 minutes. 

To investigate the versatility of this approach, the anti-thrombin 

aptaprimer (T-AP) system was also investigated, in this case using the 15-

nt thrombin aptamer.51  As T-AP is much shorter than P-AP, tuning of the 

binding-region length within the CT is limited.  Primer-binding regions of 9 

nt (T-AP-C9) or 15 nt (T-AP-C15) were evaluated, using the addition of 

thrombin to the aptaprimer, followed by addition of the CT.  As shown in 
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Figure S3.4, T-AP-C15 system produced the expected AP-CT duplex in the 

absence of thrombin, and formed an AP-CT-T complex in the presence of 

thrombin.  The T-AP-C9 system did not show any obvious formation of an 

AP-CT duplex, but did appear to show formation of an AP-CT-T complex at 

high levels of CT.  It should be noted that the weak binding between the T-

AP-C9 and CT may allow dissociation during electrophoresis, and thus the 

lack of a band for the AP-T complex may not reliably reflect the ability of this 

complex to form.  

To confirm the presence of an AP-CT band for the T-AP-C9 system, we 

utilized microscale thermophoresis (MST) using a Cy5 labelled T-AP 

aptamer to evaluate the formation of the AP-CT complex (Fig. S3.5).  This 

method is based on the thermophoretic mobility and solvent induced 

fluorescence quenching of a labelled species upon local heating, with larger 

species typically showing less mobility and higher quenching, and hence a 

lower decrease in fluorescence.52,53  Predicting the thermophoretic mobility 

of a species is complicated as it is reliant on changes in conformation, 

particle size, surface charge, and hydration entropy.  For example, it has 

been observed that DNA with G-quadruplex properties can be found in G-

hairpin or G-triplex intermediates which have higher thermophoretic mobility 

than G-quadruplex structures.54  As shown in Figure S3.5, the AP-CT 

duplex showed the most rapid fluorescence decrease.  Binding between the 

AP and CT disrupts the G-quadruplex structure of the aptamer, which has 
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a more pronounced effect on the thermophoretic mobility than the added 

size of the CT.  In contrast, the G-quadruplex structure of AP is unperturbed 

upon binding to thrombin, and the AP-T complex shows a slower change in 

fluorescence, consistent with the larger size. Unbound AP shows an 

intermediate fluorescence decrease as there is no thrombin to impede the 

mobility nor is the G-quadruplex structure disrupted to accelerate the 

mobility, thus confirming the presence of each species. 

We then assessed the effect of varying thrombin concentration on the 

performance of both the T-AP-C9 (Fig. 3.4) and T-AP-C15 (Fig. S3.6) 

aptaprimer systems.  For T-AP-C15, increased levels of thrombin resulted 

in an obvious decrease in the concentration of the AP-CT band, and an 

increase in the CT band (Fig. S3.5A); once again the T-AP-C9 

electropherogram did not show formation of the AP-CT band (Fig. 3.4A), 

owing to dissociation of the weak complex during electrophoresis, as noted 

above.  Interestingly, both the T-AP-C9 (Fig. 3.4B-D) and the T-AP-C15 

(Figs. S6B-D) systems showed a concentration-dependent production of 

RP, with increasing concentrations of thrombin showing a decrease in the 

amount of RP generated (Fig. 3.4B, Fig. S3.5B), as well as substantial 

signal inhibition in the presence of thrombin relative to the buffer or the non-

target protein BSA (Fig. 3.4C, Fig. S3.6C).   

Real-time fluorescence monitoring of RCA reaction in solution showed 

that both the T-AP-C9 (Fig. 3.4D) and T-AP-C15 (Fig. S3.6D) system 
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produced concentration dependent fluorescence changes.  In the case of 

the T-AP-C9 system, the limit (LOD) using SYBR gold was 100 pM (3σ) 

after just 15 minutes of amplification, while the QuantiFluor dye produced a 

detection limit of 2.5 nM (3σ) and a narrower dynamic range under identical 

conditions.  The T-AP-C15 system produced a LOD of 500 pM for SYBR 

gold and 1 nM for QuantiFlour, and in each case produced a narrower 

dynamic range than was obtained using the T-AP-C9 system. The data 

show that the T-AP-C9 and T-AP-C15 systems are very similar, although 

the best LOD is obtained using the T-AP-C9 system with SYBR Gold.   

The detection limits for this assay were somewhat poorer than was 

reported in a previous study involving release of the thrombin aptamer from 

rGO to initiate RCA34 where a LOD of 10 pM was obtained using molecular 

beacons to report the RP.  However, this assay required expensive reagents 

(reduced graphene oxide, molecular beacons), had multiple steps and 

utilized a longer amplification time (1 h) and a higher reaction temperature 

(30 °C).[33]  On the other hand, the LOD was observed to be up to 100-fold 

better than was reported for fluorescence assays that did not incorporate a 

RCA amplification step, such as the thrombin structure-switching assay 

which achieved an LOD of 10 nM.44   

An interesting point to note is that the anti-PDGF aptaprimer system 

exhibited a higher detection limit than the anti-thrombin aptaprimer system, 

even though the anti-PDGF aptamer had a higher target-binding affinity 
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than the anti-thrombin aptamer.  We suspect that the performance of RCA 

the assay is governed by several factors, including: (i) the binding affinity of 

the aptamer to its target; (ii) the stability of the secondary and tertiary 

structures of the aptamer and; (iii) the accessibility of the ϕ29DP and CT to 

the target-bound aptaprimer.  Though the anti-PDGF aptamer has a higher 

affinity for its target, its secondary structure is primarily composed of several 

stem-loop base pairing regions, whereas the anti-thrombin aptamer is 

shorter and only has a simple G-quadruplex secondary structure, which 

may be easier to read though as a primer and thus allowed more facile 

initiation of RCA and a better LOD for the thrombin system.   

The integration of ITA techniques1,55,56 onto paper-based 

platforms31,32,57–59 provides a method to simplify and miniaturize assays 

while maintaining sensitivity.  Previously, our lab has demonstrated the 

ability to perform RCA on paper using both aptamers and DNAzymes that 

liberate a DNA sequence upon target binding, which then acts as a primer 

to activate RCA in a zone that contains phi29DP, an appropriate CT and 

dNTPs.31,32,60 However, as noted above, these methods were time-intensive 

and required costly reagents and multiple steps.  Thus, we wanted to 

investigate the performance of the RCA inhibition assay on paper as a 

simpler and less expensive biosensor platform.  To do so, a wax pattern 

was printed onto Whatman No. 1 cellulose paper and heated to create 

circular wells with a wax barrier.  The CT (with complementary regions of 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

191 
 

18 nt for P-AP and 9 nt for T-AP), ϕ29DP, and dNTPs were mixed with 

pullulan (a stabilizing agent31,61), pipetted onto the cellulose surface and 

allowed to dry.  A second mixture contained the aptaprimer and fluorescent 

intercalating dye.  The target was added to this mixture, incubated for 15 

minutes, and then spotted onto the circular well to initiate RCA for a further 

15-30 minutes, accompanied by real-time fluorescent intensity 

measurements. 

Initial studies using both SYBR Gold and QuantiFlour to detect RP in the 

cellulose wells demonstrated that SYBR Gold interacted with the cellulose 

surface (Fig. S3.7A), generating significant background fluorescence even 

in the absence of DNA, while QuantiFluor exhibited minimal background 

fluorescence (Fig. S3.7B).  We next optimized the concentration of dye to 

obtain the greatest change in signal as a function of DNA concentration, 

which was evaluated at two different RCA reaction times.  As shown in 

Figure S3.8, the optimal conditions involved use of 0.1 concentration of QF 

dye. Next, the concentration of aptaprimer used for paper-based RCA was 

also optimized.  As shown in Fig. S3.9, the optimal concentration of the 

thrombin aptaprimer was 100 fmol (in a volume of 15 µL, corresponding to 

66.7 nM), which showed the best fluorescence intensity ratio between 

samples with no thrombin and 1 µM thrombin (Fig. S3.9A).  Higher levels of 

aptaprimer (500-1000 fmol) showed elevated background signals.  In the 

case of PDGF (Fig. S3.9B), the optimal concentration was 1 pmol (667 nM), 
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which showed both a higher absolute fluorescence signal (not shown) and 

a better fluorescence intensity ratio between samples with no PDGF and 

those with 1 µM of PDGF. Lastly, RCA times of 15 minutes for thrombin 

assays and 30 minutes for PDGF assays showed the best compromise 

between minimizing background and assay time while avoiding signal 

saturation (Fig. S3.10).   

Using the optimized values, the paper-based RCA inhibition assay was 

performed for both PDGF (Fig. 3.5A) and thrombin (Fig. 3.5B).  In both 

cases, increased levels of target led to concentration dependent decreases 

in emission intensity, with the paper-based response curves closely 

matching those obtained from solution-based assays.  In the case of PDGF, 

the paper-based assay provided a LOD of 6.8 nM (3σ), which was 

approximately 3-fold better than was obtained in solution.  In the case of 

thrombin, the LOD was 240 pM (3σ) after just 15 minutes of amplification, 

which is slightly worse than the value obtained in solution (100 pM).  As 

expected, no signals were obtained for either target when specific assay 

components were excluded (Fig. S3.11), and no inhibition was observed 

when a non-target protein was utilized (Fig. S3.12).  Importantly, for both 

PDGF and thrombin the fluorescence was monitored in real-time 

immediately after addition of the mixture containing the aptaprimer, target 

and dye to the paper well, without the need for any washing or drying steps, 
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demonstrating the simplicity of assay relative to previously reported RCA 

assays on paper.31,32,60 

 

 

Figure 3.5. Inhibition assay on cellulose paper using: (A) the anti-PDGF 
aptaprimer system titrated with PDGF to generate a fluorescence signal on 
the cellulose surface after 30 minutes of real-time RCA. Top image shows 
the observed fluorescence signal of the paper wells was imaged after real-
time RCA using the QuantiFluor dye.  Bottom shows the response from the 
paper-based assay using the QF dye is compared to the solution-based 
assay using SYBR Gold. (B) the anti-thrombin aptaprimer system titrated 
with thrombin to generate a fluorescence signal on the cellulose surface 
after 15 minutes of real-time RCA. Top image shows the observed 
fluorescence signal of the paper wells as imaged after real-time RCA using 
QuantiFluor dye.  Bottom shows the response from the paper-based assay 
using the QF dye is compared to the solution-based assay using SYBR 
Gold. 

3.5 Conclusion 

Utilizing an aptamer as the linear primer for an RCA reaction, it is possible 

to modulate the amplification reaction by using a protein target to control 

the ability of the aptamer to bind a circular template to initiate RCA.  In this 
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manner, increased concentrations of a target lead to inhibition of RCA, 

which can be easily detected by using an intercalating dye that binds to the 

product of the RCA reaction.  This method is both simple and rapid, and 

should allow for detection of any aptamer-binding target.  Furthermore, the 

method avoids the need for expensive fluorophore- or biotin-modified DNA 

species.  The assay can be performed both in solution and on paper, 

potentially making the assay amenable to use in resource limited settings if 

integrated with a portable smartphone-based fluorescence reader.62–64 

3.6 Experimental 

Oligonucleotides and Other Materials. All DNA oligonucleotides (Table 

S1) were obtained from Integrated DNA Technologies (IDT), and purified by 

standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis 

(dPAGE) or high-performance liquid chromatography (HPLC). SYBR Gold, 

T4 DNA ligase, T4 polynucleotide kinase (PNK), phi29 DNA polymerase 

(ϕ29DP), FastDigest TaqI restriction enzyme, and deoxyribonucleoside 5′-

triphosphate mixture (dNTP) were purchased from Thermo Fisher (USA). 

QuantiFluor ssDNA dye was purchased from Promega (USA).  Bovine 

Serum Albumin (BSA) was purchased from Millipore Sigma (Oakville, ON). 

Human thrombin was purchased from Haematologic Technologies Inc 

(Essex Jct., VT).  Recombinant Human PDGF was purchased from 

Cedarlane Labs (Burlington, ON).  Pullulan (molecular weight of ~200,000 

Daltons) was obtained from Polysciences Inc. Whatman No. 1 cellulose 
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paper was purchased from Millipore Sigma (Oakville, ON).  Water was 

purified with a Milli-Q Synthesis A10 water purification system.  All other 

chemicals and solvents were of analytical grade and were used as received.   

Instruments. Cellulose paper was laminated using a Scotch Thermal 

Laminator (3M) with 3 mm thick pouches for standard (8.5’ x 11”) paper. 

Wax barriers were printed onto cellulose using a ColorQube 8580 Printer 

(Xerox). The fluorescent images of gels and cellulose paper micro-well 

plates were obtained using a Chemidoc MP imager (Biorad), analyzed using 

ImageLab software (Biorad) and processed using ImageJ. Real-time 

fluorescence monitoring of the in-solution RCA assay was performed using 

an Infinite M1000 Plate Reader (Tecan). The MicroScale Thermophoresis 

traces were obtained using a Monolith NT.115 Pico (NanoTemper 

Technologies). 

Preparation of Circular Templates. Circular DNAs were prepared from 5´-

phosphorylated linear DNA oligonucleotides through template-assisted 

ligation with T4 DNA ligase.  Phosphorylation of linear DNA oligonucleotides 

was done as follows:  a 50 µL reaction mixture containing 8 µM linear 

circular template DNA (AP-C), 1 µL of 0.2 unit/µL PNK, 1× PNK buffer A (50 

mM Tris-HCl, pH 7.6 at 25 °C, 10 mM MgCl2, 5 mM DTT, 0.1 mM 

spermidine), and 2 mM ATP.  The mixture was incubated at 37 °C for 1 

hour, followed by heating at 90 °C for 5 minutes.  The circularization reaction 
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was performed in a volume of 100 µL, produced by adding 34 µL of H2O, 5 

µL of ligation strand DNA (AP-L) (100 µM) and 10 µL of 10× T4 DNA ligase 

buffer (400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 5 mM ATP, pH 7.8 

at 25 °C).  After heating at 90 °C for 2 minutes and cooling down to room 

temperature for 10 minutes, 1 µL of T4 DNA ligase (10 u/µL) was added.  

The mixture was incubated at room temperature for 2 hours, followed by 

heating at 90 °C for 5 minute.  The reaction mixtures were ethanol 

precipitated followed by purification of the DNA circles by dPAGE and 

storage at -20 °C until use. 

Aptaprimer Binding Mechanism. Each binding reaction was conducted in 

a final volume of 20 µL.  First, a 10 µL solution was prepared containing 1 

µL of 10× RCA buffer (330 mM Tris acetate, pH 7.9 at 37 °C, 100 mM 

magnesium acetate, 660 mM potassium acetate, 1% (v/v) Tween 20, 10 

mM DTT), 0 or 20 nM of aptaprimer (P-AP-P), and 0 or 100 nM of PDGF 

and incubated at room temperature for 15 minutes.  Next, 10 µL of 1× RCA 

buffer containing 0 - 40 nM of circular template (P-AP-C12, -C18, -C27, or -

C35, respectively) was added and incubated at room temperature for 15 

minutes.  Each reaction mixture was mixed with 20 µL of a 2× native PAGE 

Loading Buffer solution and loaded for native PAGE (8%) analysis. 

Binding Reaction in Solution prior to RCA. Each binding reaction was 

conducted in a final volume of 20 µL.  First, a 10 µL solution was prepared 
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containing 1 µL of 10× RCA buffer, 0 or 20 nM of aptaprimer (P-AP-P), and 

varying concentrations of PDGF, and incubated at room temperature for 15 

minutes.  Next, 10 µL of 1× RCA buffer containing 20 nM of circular template 

(P-AP-C18) was added and incubated at room temperature for 15 minutes.  

Each reaction mixture was mixed with 20 µL of a 2× native PAGE Loading 

Buffer solution and loaded for native PAGE (8%) analysis.  For the anti-

thrombin aptaprimer assay, T-AP-P, thrombin, and T-AP-C9 were used 

instead of P-AP-P, PDGF, and P-AP-C18, respectively. 

RCA Reaction in Solution. Each RCA reaction was conducted in a final 

volume of 50 µL.  First, a 20 µL solution was prepared containing 2 µL of 

10× RCA buffer, 2 µL of dNTPs (10 mM), 0.5 µL of aptaprimer (P-AP-P or 

T-AP-P) (100 nM), 5 µL of 10× intercalating dye (SYBR Gold or QuantiFluor) 

and 10.5 µL of H2O.  Next, 10 µL of 1× RCA buffer containing the protein of 

interest was added and incubated at room temperature for 15 minutes.  

Finally, a 20 µL solution of 1× RCA buffer containing 0.5 µL of ligated circle 

(P-AP-C18 or T-AP-C9) (100 nM), and 0.5 µL of phi29 DNA polymerase 

(10U/µL) was added to produce the final 50 µL mixture.  This was incubated 

at room temperature for 30 minutes (for P-AP) or 15 minutes (for T-AP), and 

then heated at 90 °C for 5 minutes to stop the reaction. A 5 µL aliquot of the 

RCA reaction was used for the Restriction Digestion assay below. 
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RCA Product Restriction Digestion. A 3 µL solution containing 5 µM of 

digestion template DNA (AP-D), and 1 µL of 1× FastDigest Buffer was 

added to a 5 µL aliquot of the RCA reaction mixture above.  The mixture 

was heated at 90 °C for 2 minutes and cooled at RT for 5 minutes followed 

by the addition of 2 µL of FastDigest TaqI Restriction Enzyme.  This mixture 

was incubated at 65 °C for 24 hr to ensure complete digestion.  Each digest 

was mixed with 10 µL of a 2× PAGE Loading Buffer solution containing 25 

nM of a 50 bp DNA strand as a loading control. The solution was heated to 

90 °C for 2 minutes, cooled to RT and loaded for denaturing PAGE (10%) 

analysis. 

Preparation of Bioactive Paper. Whatman No. 1 filter paper was laminated 

on one side to create a plastic backing.  A pattern resembling a 96-well plate 

was printed onto the cellulose paper using a ColorQube 8580 wax printer 

with well diameters of 4 mm wide.  The patterned paper was placed in a 

120 °C oven for 5 minutes to melt the wax through the thickness of the paper 

to form a hydrophobic barrier.  The paper was allowed to cool to room 

temperature and spotted with pullulan-encapsulated RCA reagents as 

described below. 

Preparation of Pullulan-Encapsulated RCA Reagents on Cellulose 

Paper. For each paper micro-well, 0.1 µL of 1 µM circular template, 1 µL of 

10 mM dNTPs, 0.5 µL of ϕ29DP (10 U/µL), 2.4 µL of H2O and 6 µL of 10% 
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(w/v) pullulan were mixed together.  The mixtures were pipetted onto the 

paper micro-wells and allowed to dry overnight.  

RCA Reaction on Paper. Each RCA reaction was conducted in a final 

volume of 15 µL. A 15 µL solution of 1.5 µL of 10× RCA buffer, 1.5 µL of 1× 

QuantiFluor dye, 1 µL of aptaprimer (1 µM for P-AP-P, 0.1 µM for T-AP-P), 

various concentrations of target analyte, and H2O was added to the test 

zone and incubated at room temperature for 30 minutes (for P-AP) or 15 

minutes (for T-AP).  The patterned paper was scanned in real-time using 

the ChemiDoc MP Imager. 

Image Processing for Cellulose Paper Micro-wells. Images were 

processed using ImageJ using the “Subtract Background” function to 

subtract the inherent background fluorescence of the cellulose paper at time 

0. 
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3.9 Supporting Information 

Table S3.1. List of DNA Sequences Used. 
 

Name of DNA oligonucleotide Sequence (5’-3’) 

    

Linear precursor of PDGF system (P-

AP) 

  

P-AP-C12 (60 nt, 12-nt binding 

region) 

CGAACAACAT CAGGATCATG 

GTAAAGCCCA TACTAATCAA AGCCCATACT 

ACAACAACTT 

P-AP-C18 (60 nt, 18-nt binding 

region) 

CGAACAACAT CAGGATCATG 

GTGATGCTCA TACTAATCAA AGCCCATACT 

ACAACAACTT 

P-AP-C27 (60 nt, 27-nt binding 

region) 

CGAACAACAT CAGGATCATG 

GTGATGCTCT ACGTGCCCAA AGCCCATACT 

ACAACAACTT 

P-AP-C35 (60 nt, 35-nt binding 

region) 

CGAACAACAT CAGGATCATG 

GTGATGCTCT ACGTGCCGTA 

GCCTGATACT ACAACAACTT 

Linear precursor of thrombin system 

(T-AP) 

  

T-AP-C9 (60 nt, 9-nt binding region) CGAACAACAT CCAACCACAA 

TCAAAGCCCA TACTAATCAA AGCCCATACT 

ACAACAACTT 

T-AP-C15 (60 nt, 15-nt binding 

region) 

CGAACAACAT CCAACCACAC 

CAACCGCCCA TACTAATCAA AGCCCATACT 

ACAACAACTT 

DNA aptaprimers   

P-AP-P (35 nt) AAGGCTACGG CACGTAGAGC 

ATCACCATGA TCCTG 

T-AP-P (15 nt) GGTTGGTGTG GTTGG 

T-AP-P-Cy5 (15 nt) /5Cy5/ GGTTGGTGTG GTTGG 

DNA ligation strand    

AP-L (20 nt) ATGTTGTTCG AAGTTGTTGT 

DNA template for digestion    

AP-D (20 nt) ACAACAACTT CGAACAACAT 

Loading control DNA   

LC (50 nt) ATCATTCTTT GAAAGCAGAC ATCCTACAAC 

AACTACAACA TGACTCGGAT 
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Figure S3.1. Ability of anti-PDGF aptaprimer (AP) to form a duplex in the 
presence of increasing amounts of a circular template (CT) with an 18 
nucleotide primer-binding region (8% nPAGE).  
 
Experimental Details: A 20 µL solution containing 2 µL of 10× RCA buffer, 
0-10 nM of circular template (P-AP-C18), and 0-20 nM of aptaprimer (P-AP-
P) was incubated together at room temperature for 20 minutes, mixed with 
2× native loading buffer and separated using 8% polyacrylamide gel 
electrophoresis (PAGE) under native conditions. 
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Figure S3.2. Comparison of RCA efficiency using circular templates with 
varying lengths of primer-binding region.  RCA was performed at room 
temperature and monitored in real-time using SYBR Gold dye. All RCA 
reactions were conducted for 30 minutes. 
 
Experimental Details: The protocol was similar to the “RCA Reaction in 
Solution” described in the Experimental Section, however, no PDGF was 
added and the CT used was either P-AP-C12, -C18, -C27, or -C35. 
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Figure S3.3. Inhibition assay using an anti-PDGF aptaprimer system with 
preformed AP-CT duplex followed by addition of PDGF target. (A) Native 
PAGE (8%) of the species formed when the AP-CT duplex was incubated 
with increasing amounts of PDGF; (B) Denaturing PAGE (10%) of RCA 
product after treatment with TaqI restriction enzyme in the presence of 
increasing amounts of PDGF. LC denotes the loading control. (C) 
Denaturing PAGE (10%) of RCA product, denoted as RP, after treatment 
with TaqI in the absence of protein, and in the presence of 1 µM BSA or 
PDGF. LC denotes the loading control. (D) Titration curve of RCA product 
generation in the presence of PDGF monitored in real-time using either 
SYBR Gold or QuantiFluor dyes.  All RCA reactions conducted for 30 
minutes. 
 
Experimental Details: The protocol for (A) was similar to that used for 
“Aptaprimer Binding Mechanism” except that PDGF was added to a 
preformed AP-CT duplex. The protocol for (B) was similar to the “Binding 
Reaction in Solution Prior to RCA”. The protocol for (C) and (D) was similar 
to the “RCA Reaction in Solution” described in the Experimental Section, 
however, AP was initially mixed with CT first and incubated for 30 minutes, 
and then PDGF was added afterwards and incubated for 30 minutes. 
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Figure S3.4. Native PAGE analysis showing the ability of the anti-thrombin 
aptaprimer (AP) to structure-switch from a complex with 1 µM thrombin to a 
duplex in the presence of a circular template (CT) using: (A) a 9 nucleotide 
primer-binding region (C9); (B) a 15 nucleotide primer-binding region (C15).   
 
Experimental Details: The protocol was similar to the “Aptaprimer Binding 
Mechanism” described in the Experimental Section, however, T-AP-P, 
thrombin, and T-AP-C9 or -C15 were used instead of P-AP-P, PDGF, and 
P-AP-C12, -C18, -C27 or -C35, respectively. 
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Figure S3.5. MST traces of the T-AP-C9 system showing the presence of 
unbound AP, AP-CT duplex, and AP-T complex species, respectively.  AP 
was complexed with increasing amounts of thrombin, followed by addition 
of CT.   
 
Experimental Details: Each binding reaction was conducted in a final 
volume of 20 µL.  First, a 10 µL solution was prepared containing 1 µL of 
10× RCA buffer, and 20 nM of aptaprimer (T-AP-P-Cy5).  Next, 10 µL of 1× 
RCA buffer containing 20 nM of circular template (T-AP-C9) or 1 µM of 
thrombin protein was added and incubated at room temperature for 15 
minutes.  Each reaction mixture was diluted in buffer by a factor of 5 to a 
final volume of 100 µL and 10 µL aliquots were loaded into microcapillary 
tubes and scanned using MicroScale Thermophoresis (MST). MST traces 
were obtained using a Monolith NT.115 Pico (NanoTemper Technologies).  
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Figure S3.6. Inhibition Assay using a C15 anti-thrombin aptaprimer system. 
(A) Native PAGE (8%) analysis of AP complexed with increasing amounts 
of thrombin, followed by addition of CT;  (B) Denaturing PAGE (10%) 
analysis of RCA product after treatment with TaqI in the presence of 
increasing amounts of thrombin. LC denotes the loading control. (C) 
Denaturing PAGE (10%) analysis of RCA product, denoted as RP, after 
treatment with TaqI in the absence of protein, and in the presence of 1 µM 
of either BSA or thrombin. LC denotes the loading control. (D) Titration 
curve of RCA product generation in the presence of thrombin monitored in 
real-time using SYBR Gold or QuantiFluor dyes.  All RCA reactions 
conducted for 15 minutes. 
 
Experimental Details: The protocol for (A) was similar to the “Binding 
Reaction in Solution Prior to RCA”, and the protocol for (B) and (C) was 
similar to the “RCA Reaction in Solution” described in the Experimental 
Section, however T-AP-C15 was used instead of T-AP-C9. 
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Figure S3.7. Comparison of dye performance on cellulose paper in the 
absence or presence of 10 pmol of a 60 nt DNA sequence (linear T-AP-C9) 
between: (A) SYBR Gold dye and; (B) QuantiFluor dye.   
 
Experimental Details: The cellulose paper was prepared as described in 
the “Preparation of Bioactive Paper” of the Experimental Section.  A 15 µL 
solution of 1.5 µL of 10× RCA buffer, 1.5 µL of 10× SYBR Gold or 
QuantiFluor dye, and 0 or 10 pmol of linear (unligated) T-AP-C9 was spotted 
onto a cellulose surface.  Fluorescence intensity was scanned in real-time 
using the ChemiDoc MP Imager over a period of 25 minutes.  The image 
shown was obtained at 25 min. 
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Figure S3.8. Determination of optimal QuantiFluor dye concentration for 
detection of varying concentrations of a 60 nt DNA sequence (linear T-AP-
C9) on a cellulose surface. (A) After 15 minutes of incubation on cellulose 
at room temperature. (B) After 30 minutes of incubation on cellulose at room 
temperature. 
 
Experimental Details: The cellulose paper was prepared as described in 
the “Preparation of Bioactive Paper” of the Experimental Section.  A 15 µL 
solution of 1.5 µL of 10× RCA buffer, 1.5 µL of 1-10× QuantiFluor dye, and 
0-10 pmol of linear (unligated) T-AP-C9 was spotted onto a cellulose 
surface.  The fluorescence intensity was scanned in real-time using the 
ChemiDoc MP Imager over a period of 30 minutes. Data is shown with a 
reaction time of 30 minutes.  
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Figure S3.9. Optimization of aptaprimer concentration on cellulose paper 
using: (A) the anti-thrombin aptaprimer system with a 15 minute RCA 
reaction time; (B) the anti-PDGF aptaprimer system with a 30 minute RCA 
reaction time. The concentrations of thrombin or PDGF, respectively, was 0 
µM for (-) and 1 µM for (+).  Observed fluorescence signal of the paper wells 
as imaged after real-time RCA using the QuantiFluor dye.   
 
Experimental Details: The cellulose paper and pullulan-encapsulation of 
RCA reagents were prepared as described in the “Preparation of Bioactive 
Paper” and “Preparation of Pullulan-Encapsulated RCA Reagents on 
Cellulose Paper” of the Experimental Section.  The protocol was similar to 
the “RCA Reaction on Paper” protocol described in the Experimental 
Section however the concentrations of (A) anti-thrombin aptaprimer (T-AP-
P) and; (B) anti-PDGF aptaprimer (P-AP-P) varied from 0 to 1000 fmol. 
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Figure S3.10. Optimization of assay reaction time on cellulose paper using: 
(A) the anti-thrombin aptaprimer system; (B) the anti-PDGF aptaprimer 
system.  The concentrations of thrombin or PDGF, respectively, was 0 µM 
for (-) and 1 µM for (+).  Observed fluorescence signal of the paper wells as 
imaged after real-time RCA using the QuantiFluor dye.   
 
Experimental Details: The cellulose paper and pullulan-encapsulation of 
RCA reagents were prepared as described in the “Preparation of Bioactive 
Paper” and “Preparation of Pullulan-Encapsulated RCA Reagents on 
Cellulose Paper” of the Experimental Section.  The protocol was similar to 
the “RCA Reaction on Paper” protocol described in the Experimental 
Section however the reaction times were extended to 20 minutes for the 
anti-thrombin aptaprimer system and 60 minutes for the anti-PDGF 
aptaprimer system. 
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Figure S3.11. Reagent controls for the inhibition assays on cellulose paper 
using: (A) an anti-PDGF aptaprimer system after a 30 minute RCA reaction; 
(B) an anti-thrombin aptaprimer system after a 15 minute RCA reaction. 
Observed fluorescence signal of the paper wells as imaged after real-time 
RCA using QuantiFluor dye. 
 
Experimental Details: The protocol for the Reagent controls was similar to 
the “RCA Reaction on Paper” protocol described in the Experimental 
Section with the exclusion of aptaprimer, circular template, or enzyme as 
indicated. 
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Figure S3.12. Selectivity controls for the inhibition assays on cellulose 
paper using: (A) an anti-PDGF aptaprimer system after a 30 minute RCA 
reaction; (B) an anti-thrombin aptaprimer system after a 15 minute RCA 
reaction. The concentrations of PDGF, thrombin and BSA were 1 µM. 
Observed fluorescence signal of the paper wells as imaged after real-time 
RCA using QuantiFluor dye. 
 
Experimental Details: The protocol for the Selectivity controls was similar 
to the “RCA Reaction on Paper” protocol described in the Experimental 
Section with the inclusion of PDGF, thrombin, or BSA as indicated.   
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CHAPTER 4.  

TARGET-DEPENDENT PROTECTION OF DNA APTAMERS AGAINST 

NUCLEOLYTIC DIGESTION ENABLES SIGNAL-ON BIOSENSING 

WITH TOEHOLD-MEDIATED ROLLING CIRCLE AMPLIFICATION 

4.1 Author’s Preface 

The following chapter was accepted in Chemistry – A European Journal 

under the citation: 

 

Roger M.  Bialy, Yingfu Li, and John D. Brennan. Target-Dependent 

Protection of DNA Aptamers Against Nucleolytic Digestion Enables 

Signal-On Biosensing with Toehold-Mediated Rolling Circle 

Amplification Chem. Eur. J. 2021 (Accepted) DOI: 

10.1002/chem.202102975. 

 

I was responsible for all experimental design, execution and analysis 

included in this chapter.  I wrote the first draft of the manuscript.  Dr. Brennan 

and Dr. Li provided editorial input to generate the final draft of the paper.  

This article has been reprinted with permission from John Wiley and Sons 

©. 
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4.2 Abstract 

We report a generalizable strategy for biosensing that takes advantage 

of the resistance of DNA aptamers against nuclease digestion when bound 

with their targets, coupled with toehold mediated strand displacement 

(TMSD) and rolling circle amplification (RCA). A DNA aptamer containing a 

toehold extension at its 5-end protects it from 3-exonuclease digestion by 

phi29 DNA polymerase (phi29 DP) in a concentration-dependent manner. 

The protected aptamer can participate in RCA in the presence of a circular 

template that is designed to free the aptamer from its target via TMSD. The 

absence of the target leads to aptamer digestion, and thus no RCA product 

is produced, resulting in a turn-on sensor. Using two different DNA 

aptamers, we demonstrate rapid and quantitative real-time fluorescence 

detection of two human proteins: platelet-derived growth factor (PDGF) and 

thrombin. Sensitive detection of PDGF was also achieved in human serum 

and human plasma, demonstrating the selectivity of the assay. 

4.3 Introduction 

DNA amplification is a critical component for molecular diagnostics.  

While many studies have utilized polymerase chain reaction (PCR),[1] a 

variety of isothermal DNA amplification (ITA) techniques have emerged in 

the past decade to allow ultrasensitive detection of nucleic acid species 

without the need for expensive thermal cyclers.[2]  More recently, ITA 

methods have been used for detection of non-nucleic acid species, with 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

218 
 

many assays employing creative methods to allow molecular recognition 

elements to modulate the degree of ITA.  These include: nucleic acid 

modified antibodies,[3–5] antibody-directed proximity ligation assays,[6–8] and 

various methods to couple functional nucleic acids (FNAs) such as 

aptamers[9–13] and DNAzymes to ITA methods.[14–17]  Common drawbacks 

of these strategies include the requirement for specially modified antibodies 

and separation steps for immuno-coupled ITA methods, optical or 

electrochemical labelling of nucleic acids, multiple primers or processing 

enzymes for most of the FNA-coupled ITA methods, or the need for elevated 

reaction temperatures.  These barriers have made their use in simple point-

of-care (POC) assays challenging.[18]   

Rolling circle amplification (RCA) is an ITA method that is well-suited for 

a variety of POC device outputs.[19,20]    RCA uses one linear primer which, 

when bound to a circular template (CT), can be elongated by phi29 DNA 

polymerase (phi29 DP) at room temperature to produce long concatemeric 

strands of DNA.  Protein-binding aptamers can be used to modulate RCA 

activity, either by incorporation into the CT or the linear primer, allowing for 

sensitive protein quantification.[21–25]  In most cases, the bound target 

blocked DNA processing by phi29 DP, thereby inhibiting the RCA process, 

producing a “turn-off” sensor.  However, it is also possible to produce 

aptamer-modulated RCA turn-on sensors, which use a structure switching 

aptamer bound to a primer-CT duplex to initially block the RCA process.  
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Target binding removes the aptamer, allowing  phi29 DP to trim a pre-primer 

and to form a mature primer to initiate RCA.[24,26,27]  Drawbacks of this 

method include the need to design a tripartite structure-switching nucleic 

acid system and the need for costly inverted dT bases to be incorporated 

into both the pre-primer and aptamer to prevent non-specific digestion by 

phi29 DP, which would lead to activation of the RCA system without target. 

In this work, we report the first example of a new generalizable strategy 

for amplified turn-on biosensing that takes advantage of the resistance of 

DNA aptamers against 3-exonuclease digestion by phi29 DP when bound 

with their targets.  By adding a short 5 toehold region to the aptamer, a 

circular template can be used to remove the bound target from the aptamer 

via toehold mediated strand displacement (TMSD) so that the aptamer can 

then act as a primer (denoted as an aptaprimer, AP) to initiate RCA (Figure 

4.1). Importantly, this method does not require any other modification to the 

aptamer beyond the 5 toehold region, and the use of CT-mediated TMSD 

allows release of the protected aptamer at room temperature, which leads 

to room temperature RCA, making the method compatible with simple point-

of-need sensing.  In this approach, phi29 DP is first added to the AP, which 

is digested by the phi29 DP when target is absent but protected from 

digestion when target is bound.  The CT is then added and will displace the 

target from the AP to allow the RCA reaction to proceed, producing a long 

DNA output strand (reaction product, RP) that can bind to a fluorescent 
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intercalating dye such as SYBR Gold to generate a fluorescence signal, 

resulting in a turn-on sensor.  We evaluate the assay system for the 

detection of platelet-derived growth factor (PDGF) and thrombin and 

demonstrate the ability of the assay to detect proteins in diluted blood and 

serum. 

 

Figure 4.1. Schematic representation of the protein-mediated RCA-based 
assay.  In the absence of a protein target, phi29 DP digests the aptaprimer 
prior to addition of a CT, preventing RCA.  The binding of a protein protects 
the aptaprimer from digestion, allowing the CT to bind a 5‘ toehold and 
displace the target, resulting in RCA.  The RCA product is detected using a 
fluorescent intercalating dye.   

4.4 Results and Discussion 

The turn-on RCA assay was initially developed using the 35 nt anti-

PDGF-BB aptamer (P-AP).[28,29] The first objective was to confirm that phi29 

DP could successfully digest the P-AP in a target-dependent manner.  P-



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

221 
 

AP was first treated with increasing amounts of phi29 DP and the digestion 

of P-AP was evaluated by 10% denaturing PAGE (Figure S4.1 in the 

Supporting Information).  As shown in Figure 4.2A, the percentage of 

digestion increased with phi29 concentration, with a ratio of 1.2 U of phi29 

DP per 10 nM of AP leading to nearly full digestion of P-AP (>90%) using a 

digestion time of 10 minutes.  Digestion times of 20 minutes or longer led to 

nearly complete digestion of the P-AP (Figure S4.2).  Next, we tested 

whether the formation of a complex between P-AP and PDGF (AP-T) could 

protect P-AP from exonuclease digestion.  After exposing the AP-T complex 

to the optimal concentration of phi29 DP for 10 minutes, the samples were 

heat denatured, the P-AP was recovered and the percentage of P-AP that 

was digested was evaluated by PAGE (Figure S4.3).  As shown in Figure 

4.2B, the amount of P-AP digested decreased as a function of increasing 

concentrations of PDGF indicating that complex formation successfully 

protected the P-AP from phi29 DP-mediated 3-exonuclease digestion. 
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Figure 4.2. (A) Percentage of P-AP digested in 10 minutes as a function of 
phi29 DP concentration (U / 10 nM [AP]).  (B) Percentage of P-AP digested 
as a function of PDGF concentration, using a digestion time of 10 minutes 
and 1.2 U / 10 nM [AP] of phi29 DP followed by heat denaturation at 95 °C 
for 5 minutes. 
 

To avoid the need for a heat denaturation step to recover the undigested 

P-AP we investigated the use of toehold-mediated strand displacement, 

wherein the addition of a CT would lead to the release of the target and 

formation of an AP-CT duplex.  Aptamers have very strong binding affinities 

for their targets, therefore, to facilitate the dissociation of PDGF from the AP 

via the CT, we incorporated a CT binding sequence on the 5-end of the AP 

strand to act as a toehold region.  Increasing the toehold length (from 0 to 

5, 10, 15, or 20 nt) on the AP improved the ability of the CT to displace 

PDGF and bind to the AP, as demonstrated using native PAGE (Figure 

S4.4), with a toehold length of 15 nt showing the best performance across 

a range of concentrations of PDGF. 
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Following initial optimization using native PAGE, assay performance was 

further optimized by examining real-time RCA performance under different 

reaction conditions to ensure that a CT-liberated P-AP could initiate RCA.  

Figure 4.3A shows the effect of concentration of phi29 DP per 10 nM AP 

while Figure 4.3B shows the effect of the ratio of CT to AP on generation of 

the RCA product using a 3-exonuclease digestion time of 10 minutes.  

These parameters were evaluated by observing the ratio between the RCA 

signal (based on SYBR Gold binding to the RCA reaction product) 

generated using an assay without PDGF and one with 10 nM of PDGF.  As 

shown in Figure 4.3A, 0.5 U per 10 nM of AP showed the best contrast 

between PDGF-bound and free AP.  Higher concentrations of phi29 DP 

showed poorer contrast, indicating that higher levels of phi29 DP could 

digest through the bound PDGF, reducing the protective effect.  Further 

optimization of the digestion time (Figure S4.5) indicated that a shorter 

digestion time of only 6 minutes was required to completely digest the AP 

and inhibit RCA in the absence of target, thus suppressing background RP 

generation while minimizing excess digestion in the presence of low 

concentrations of PDGF.   
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Figure 4.3. Optimization of the anti-PDGF aptamer system by the following 
parameters: (A) Optimal phi29 DP concentration with a digestion time of 10 
minutes and a 0.1 CT:AP ratio; (B) Optimal ratio of circular template (CT) to 
aptamer (AP). RCA product generation monitored in real-time using SYBR 
Gold intercalating dye.  For the optimal ratio of CT, fluorescence has been 
normalized by subtracting the background fluorescence at time 0.  A 
concentration of either 0 or 10 nM PDGF was used for ratio determination.  
Results taken after 60 minutes of RCA.  
 

The ratio between the concentrations of CT and AP was also optimized 

to balance the affinity of the aptamer for PDGF with the ability of the CT to 

displace PDGF through toehold binding to initiate RCA.  As expected, 

increasing the CT:AP ratio led to an increase of the amount of RCA product, 

though elevated CT levels also increased the baseline fluorescence in the 

absence of RCA owing to the dye binding directly to the CT (Figure 4.3B).  

To better evaluate the optimal CT:AP ratio, the difference in fluorescence 

signal generated with and without PDGF was compared.  A CT:AP ratio of 

5:1 was optimal for achieving a large contrast in fluorescence while 

minimizing the background signal observed from dye binding directly to the 

CT.  Importantly, the ratio of CT:AP changes as a function of the degree of 

AP digestion.  When target concentration is highest, the degree of AP 
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digestion is lowest.  Thus, at low target concentrations, the ratio between 

CT and AP is likely much higher than 5:1 whereas at high target 

concentrations the ratio approaches 5:1.   

We then performed a reagent and selectivity control using the optimized 

assay conditions of 6 min digestion followed by 60 minutes of RCA with a 

5:1 CT:AP ratio (Figure 4.4A).  As expected, there was no RP generation 

when the CT or AP was excluded (lanes 1 and 2). In the absence of AP 

digestion, minimal signal contrast was observed in the presence or absence 

of PDGF (-Dig, lanes 3 and 4).  RP was formed only when PDGF was 

present to protect the AP from digestion (+Dig, lane 6) but was not present 

when PDGF was absent or substituted with a different protein (BSA or 

Thrombin) (lanes 5, 7 and 8), demonstrating the selectivity of the assay.  

The production of RCA products also indicates that digestion of the AP does 

not continue during the RCA step, as addition of the CT causes the 3 end 

of the aptaprimer to form a duplex with the CT and then be extended by 

phi29 DP acting as a polymerase, preventing further digestion.   
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Figure 4.4. Performance of optimized anti-PDGF aptamer system with RCA 
product generation monitored in real-time using SYBR Gold intercalating 
dye. (A) Reagent and Selectivity controls, where (+Dig) denotes 
exonuclease digestion, and (-Dig) denotes no exonuclease digestion such 
that digestion time is 0 and the RCA reaction proceeds immediately 
following phi29 DP addition. BSA, thrombin (Thr), and PDGF concentrations 
were 10 nM.  Inset is the denaturing PAGE of reaction products.  (B) 
Titration curve of RCA product generation in the presence of varying 
amounts of PDGF.  Results taken after 60 minutes of RCA. 
 

Figure 4.4B shows the concentration dependence of the P-AP system 

over a range of PDGF concentrations, demonstrating a LOD of 250 pM (3σ) 

after a 60-minute RCA reaction time.  When only minute amounts of 

protected AP remain, as is the case with low concentrations of target, 

additional reaction time is required to generate sufficient RP for detection. 

Compared to our previous work where target binding suppressed RCA as a 

signal-off method,[25] we observed a 40-fold improvement in the LOD.  This 

LOD could likely be further improved by using a longer RCA time or 

incorporating an exponential RCA method, as demonstrated for example 
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with the tripartite aptamer regulated RCA assay previously reported by our 

group (LOD of 1 fM at 120 min RCA time).[24]   

Notably, the concentration-response curve is not linear, and instead 

exhibited a bell-shape, where low concentrations of PDGF improved 

amplification while higher concentrations inhibited amplification.  As shown 

in Figure 5, this can be explained by the ability of the CT to displace the 

protein target from the AP at low target concentrations, allowing RCA to 

proceed, while at higher protein concentrations the CT becomes unable to 

fully displace the target, leading to incomplete release of the AP and 

reduced RCA levels.  To confirm this hypothesis, the AP was released from 

bound PDGF via heating, followed by addition of the CT, which was able to 

restore RP generation at higher PDGF concentrations of 100 nM (Fig S4.6), 

though it is possible that some rebinding of renatured PDGF occurred, 

preventing maximum signal from being reached.  We note that the overall 

shape of the response curve and the concentration of peak RCA product 

generation (10 nM PDGF) was not affected by the length of the toehold, with 

5 nt and 15 nt toehold segments showing similar curves, albeit with a higher 

overall signal for the 15 nt toehold (Figure S4.7).  
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Figure 4.5. Ability of the circular template to liberate the aptamer through 
toehold mediated strand displacement as a function of target concentration.  
When target concentration is: i) low, the circular template successfully 
displaces the target, binds to the aptamer, and RCA is activated or; ii) high, 
the circular template is unable to outcompete the target for aptamer-binding, 
and RCA is inhibited. 
 

PDGF in blood plasma or serum is used as a biomarker for a variety of 

clinical applications, with clinically relevant levels of PDGF-BB generally 

spanning only one order of magnitude in concentration.[30,31]  In most cases, 

PDGF levels range from tens to thousands of picomolar, with 

concentrations between cohorts differing by less than two-fold.[32–36]  As 

such, the narrow dynamic range afforded by the RCA activation assay 

should be acceptable for clinical evaluation of PDGF in whole or diluted 

serum samples.  Access to lower PDGF concentrations should be possible 

by incorporating exponential amplification, such as hyperbranched RCA, as 

demonstrated in previous studies.[24,37,38]   
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Not all nucleic acid sequences are equally susceptible to degradation by 

exonucleases.  For example, nucleic acid sequences with G-quadruplex 

structures have been shown to be resistant to degradation.[39]  Therefore, 

we examined the activation of RCA using the 15 nt anti-thrombin aptamer 

as the aptaprimer (T-AP).[40]  T-AP forms a G-quadruplex structure in the 

presence of thrombin as well as in the presence of elevated levels of 

potassium.[41–44]  The exonuclease activity of phi29 DP requires the 

presence of monovalent cations such as potassium[45]  making thrombin an 

interesting target as this aptamer could show resistance to exonuclease 

activity under these conditions.   

We first optimized the T-AP activation assay using the same procedures 

employed with the P-AP system.  As expected, increasing the amount of 

phi29 DP increased the amount of digestion observed (Figure S4.8A), 

though a higher amount of phi29 DP was needed to achieve a similar 

degree of digestion. A significantly longer digestion time was also required 

relative to the P-AP system (Figure S4.8B).  Together, this data suggest 

that the G-quadruplex structure imparted the expected exonuclease 

resistance, but that this could be overcome with higher concentrations of 

phi29 DP and longer reaction times.  Importantly the thrombin-bound 

aptamer still showed increased resistance to exonuclease degradation in a 

concentration-dependent manner, with substantial recovery of undigested 

T-AP observed at 1000 nM thrombin (Figure S4.8C).   
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The ability of the CT to release thrombin-bound T-AP through the toehold 

displacement mechanism was also investigated (Figure S4.9).  Addition of 

a 0 or 5 nt toehold region to the 5-end of T-AP was insufficient to restore 

AP-CT duplex formation.  In contrast, a 10 nt toehold region allowed for the 

dissociation of the AP-T complex and formation of an AP-CT duplex, which 

could subsequently be used for RCA.  Elevated levels of unbound T-AP 

were observed when a 20-nt extension was used whereas the 15-nt toehold 

showed minimal unbound AP, thus we used a toehold region length of 15 

nt for further studies.   

The phi29 DP reaction buffer contains salts that encourage the aptamer 

to form a G-quadruplex structure even in the absence of thrombin, however 

they are required for optimal phi29 DP function.  We investigated the effect 

of diluting the phi29 DP buffer, and use of different buffers that could 

destabilize the G-quadruplex, on assay performance (Figure S4.10).  

Diluting the buffer improved the contrast in signal between thrombin-bound 

and target-free assays.  We suspect that this improvement was primarily 

driven by a decrease in native G-quadruplex structure owing to the 

decreased salt levels.  A ten-fold buffer dilution was optimal as further 

dilution impeded the digestion reaction, likely due to decreased activity of 

phi29 DP.  As expected, using HEPES, TRIS, or no buffer were least 

effective for the RCA reaction. 
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As was done with the P-AP system, the amount of phi29 DP was 

optimized with 1 U of phi29 DP per 10 nM of AP showing the best contrast 

between thrombin-bound and free aptamer (Figure S4.11A).  Afterwards, 

the digestion time was investigated with an optimal contrast observed at 60 

minutes of room-temperature digestion (Figure S4.11B).  Where the P-AP 

system generated low amounts of RP and required a 5:1 ratio of CT:AP, the 

T-AP system showed excellent signal contrast with the best performance at 

a ratio of 1:2 CT:AP (Figure S4.11C).  We suspect that the lower degree of 

intramolecular binding present in T-AP relative to P-AP allowed for the CT 

to bind to the AP more readily. 

Reagent and selectivity testing for the T-AP system was performed using 

a 60 min digestion followed by 30 min of RCA using a 2:1 CT:AP ratio.  As 

shown in Figure 4.6A, there was no RP generation when the CT or AP was 

excluded (lanes 1 and 2), while there was minimal signal contrast without 

the digestion step (-D, lanes 3 and 4).  As expected, RP was formed when 

thrombin was present to protect the T-AP (lane 6), while no RP was 

produced when thrombin was absent or substituted with a different protein 

(BSA or PDGF) (lanes 5, 7 and 8) indicating that the T-AP system was 

selective for thrombin. 

Once again, the concentration-response curve (Figure 4.6B) was not 

linear and showed the same bell-shaped curve as for the P-AP system, with 

a LOD of 100 pM (3σ) of thrombin after just 30 minutes of RCA and peak 
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RP generation at ca. 20 nM thrombin.  This LOD was identical to our 

previous inhibition assay[25] indicating that this approach could be 

generalized to include G-quadruplex or exonuclease-resistant aptamer 

strands.  Once again, heat denaturation of thrombin prior to, and after, 

digestion restored RP generation at higher thrombin concentrations (Figure 

S4.12).   

 

Figure 4.6. Performance of optimized anti-thrombin aptamer system with 
RCA product generation monitored in real-time using SYBR Gold 
intercalating dye. (A) Reagent and Selectivity controls, where (+Dig) 
denotes exonuclease digestion, and (-Dig) denotes no exonuclease 
digestion such that digestion time is 0 and the RCA reaction proceeds 
immediately following phi29 DP addition.  BSA, PDGF, and thrombin (Thr) 
concentrations were 10 nM each.  Inset is the denaturing PAGE of reaction 
products. (B) Titration curve of RCA product generation in the presence of 
varying amounts of thrombin.  Results taken after 30 minutes of RCA. 
 

Measuring thrombin in patient blood is used to determine whether 

patients are at risk of thrombosis.  Free thrombin levels between 5 and 20 

nM can be indicative of a high risk patient with concentrations above 20 nM 

indicating thrombosis or blood clotting.[46]  As clinically relevant thrombin 

concentrations fall within such a narrow range, this assay is particularly well 
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suited for this application.  With a detection limit of 100 pM, this allows for 

sample dilution of up to 50-fold while still allowing thrombin quantification at 

clinically relevant concentrations. 

To evaluate whether the assay could be used in complex biological 

media, the detection of PDGF was examined in both human plasma and 

human serum.  Biological samples often contain high levels of nucleases, 

which have the potential to digest DNA aptamers.  Given that nucleic acid 

digestion is an inherent step in this assay, it was expected that additional 

digestion by endogenous nucleases would not pose a problem, but rather 

might improve assay performance.   

We tested the P-AP system in 10-fold diluted serum or plasma samples 

spiked with varying levels of PDGF.  We initially utilized the conditions that 

had been optimized for clean buffer.  In this case, qualitative and selective 

detection of PDGF could be achieved in both plasma and serum, although 

in both cases the assay performance was compromised as elevated levels 

of RCA were observed even in unspiked samples (Figure S4.13), 

suggesting incomplete digestion of the P-AP.  Increasing the digestion time 

from 6 min to 30 minutes for both plasma and serum restored assay 

performance (Figure S4.14).  As shown in Figure 4.7A, the assay in serum 

produced an LOD of 250 pM, similar to the value in clean buffer, while in 

plasma the LOD was improved to 100 pM (Figure 4.7B), which represents 

a 100-fold improvement over the previous inhibition assay.[25]  Again, the 
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dynamic range of the assay fell into the clinically relevant range for PDGF 

detection, and as noted earlier, it is likely that further improvements in the 

LOD could be realized by implementing an exponential RCA step.   

 

Figure 4.7. Performance of optimized anti-PDGF aptamer system in (A) 
10% human serum or; (B) 10% human plasma.  RCA product generation 
monitored in real-time using SYBR Gold intercalating dye.  Results taken 
after 60 minutes of RCA. 
 

Note that the T-AP system was not tested in human plasma or human 

serum as the 15 nt aptamer used in this work has been shown to interact 

non-specifically with thrombin inhibitors and serum albumin, which are 

present at high concentrations in blood.[46]  In contrast, the 29 nt anti-

thrombin aptamer (HD22) could be a suitable alternative as this aptamer 

has demonstrated excellent selectivity and minimal non-specific interactions 

with human blood proteins.  

4.5 Conclusion 

In this study, we have shown that complex formation between an aptamer 

and a target analyte can be used to modulate the 3 exonuclease activity of 

phi29 DP on the aptaprimer, and that toehold-mediated strand displacement 
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by a complementary circular template can be used to displace the bound 

protein and thus liberate the aptamer and activate RCA.  In our previous 

work,[25] phi29 DP and CT were added simultaneously, thus exonuclease 

activity could not be used for regulation of primer availability.  In contrast, 

by adding the phi29 DP to the system prior to CT addition, 3-exonuclease 

digestion of the unprotected aptamer can occur, and subsequent addition 

of CT leads to a “turn-on” assay via the use of a toehold mechanism. This 

turn-on approach improved the detection limit by up to a factor of 100 

relative to the inhibition assay,[25] and unlike previous studies using phi29 

DP-mediated 3-exonuclease digestion with structure-switching 

aptamers,[24,26,27]   modified DNA species incorporating inverted dTs were 

not required and the design of a complicated tripartite system was avoided, 

although the structure-switching system incorporated an hyper-branched 

RCA method, producing a superior LOD of 1 fM.[24]  Importantly, the assay 

could detect picomolar concentrations of PDGF or thrombin within one hour 

using linear RCA, and could function in both human plasma and serum, 

indicating the robustness of the assay.  A potential disadvantage of this 

approach is the non-linear concentration-response curve, which clearly 

shows that higher levels of target ultimately lead to the onset of RCA 

inhibition.  This inhibition process can be eliminated by using a heating step 

to remove the bound protein, though this is not easily implemented in a 

simple POC test, making the toehold-mediated strand displacement method 
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preferable owing to its simplicity.  We expect that the assay can be further 

developed into a simple solid-phase assay, for example by using a paper-

based platform as was demonstrated for the previous inhibition assay,[25] 

making the assay amenable to a portable POC format, which will be 

reported in upcoming work.     
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4.8 Experimental Section 

Oligonucleotides and Other Materials. All DNA oligonucleotides (Table 

S1) were obtained from Integrated DNA Technologies (IDT), and purified by 

standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis 

(dPAGE) or high-performance liquid chromatography (HPLC). SYBR Gold, 

T4 DNA ligase, T4 polynucleotide kinase (PNK), phi29 DNA polymerase 

(phi29 DP), and the deoxyribonucleoside 5′-triphosphate mixture (dNTP) 

were purchased from Thermo Fisher (USA). Bovine Serum Albumin (BSA), 

and human plasma were purchased from Millipore Sigma (ON, Canada). 

Human serum was purchased from Innovative Research Inc (MI, USA) 

Human thrombin was purchased from Haematologic Technologies Inc (VT, 

USA).  Recombinant Human PDGF was purchased from Cedarlane Labs 

(ON, Canada).  Water was purified with a Milli-Q Synthesis A10 water 

purification system.  All other chemicals and solvents were of analytical 

grade and were used as received.   

Preparation of Circular Templates. Circular DNAs were prepared from 5´-

phosphorylated linear DNA oligonucleotides through template-assisted 

ligation with T4 DNA ligase.  Phosphorylation of linear DNA oligonucleotides 

was done as follows:  a 50 µL reaction mixture was prepared in 1× PNK 

buffer A (50 mM Tris-HCl, pH 7.6 at 25 °C, 10 mM MgCl2, 5 mM DTT, 0.1 

mM spermidine), containing 8 µM linear circular template DNA (AP-C), 0.2 

U PNK and 2 mM ATP.  The mixture was incubated at 37 °C for 1 hour, 

followed by heating at 90 °C for 5 minutes.  The circularization reaction was 

performed in a volume of 100 µL, produced by adding 34 µL of H2O, 5 µL 

of ligation strand DNA (AP-L) (100 µM) and 10 µL of 10× T4 DNA ligase 

buffer (400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 5 mM ATP, pH 7.8 

at 25 °C) to the 50 µL PNK mixture.  After heating at 90 °C for 2 minutes 

and cooling down to room temperature for 10 minutes, 1 µL of T4 DNA 

ligase (10 u/µL) was added.  The mixture was incubated at room 

temperature for 2 hours, followed by heating at 90 °C for 5 min.  The reaction 

mixtures were ethanol precipitated followed by purification of the DNA 

circles by dPAGE and storage at -20 °C until use. 

Investigation of increasing phi29 DP for 3’-exonuclease digestion for 

the PDGF P-AP system (Figure 4.2A). Solutions of 20 µL were prepared 

in 1× RCA buffer (33 mM Tris acetate, pH 7.9 at 37 °C, 10 mM magnesium 

acetate, 66 mM potassium acetate, 0.1% (v/v) Tween 20, 1 mM DTT) 

containing 50 nM of aptaprimer (P-AP) and variable amounts of phi29 DP 

and were incubated at room temperature for 10 minutes.  All solutions were 

subsequently mixed with an equal volume of 2× denaturing PAGE loading 
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buffer, heated to 95 °C for 5 minutes, cooled to room temperature and 

separated using 10% polyacrylamide gel electrophoresis (PAGE) under 

denaturing conditions.  The gel was stained with SYBR Gold and fluorescent 

images of gels were obtained using a Chemidoc MP imager (Biorad), 

analyzed using ImageLab software (Biorad) and processed using ImageJ.  

Digestion as a percentage of the initial intensity obtained for undigested P-

AP (no phi29) was plotted using the data obtained from ImageJ. 

Investigation of increasing PDGF for 3’-exonuclease digestion for the 

PDGF P-AP system (Figure 4.2B). 15 µL solutions containing 50 nM of 

aptaprimer (P-AP) and variable amounts of PDGFwere incubated at room 

temperature for 15 minutes.  Next, a 5 µL solution containing 2 U of phi29 

DP in RCA buffer was added and incubated at room temperature for 10 

minutes.  PAGE was performed as described above for Figure 4.2A and 

analyzed using ImageJ as noted above. 

Optimization of reaction parameters for the PDGF P-AP system (Figure 

4.3).  The protocol was similar to the “Standard Assay for the PDGF P-AP 

system” described below, however the phi29 DP concentration, digestion 

time, and CT:AP ratio were varied as indicated in the Figure caption. 

Reagent and Selectivity Controls for the PDGF P-AP system (Figure 

4.4A). The protocol was similar to the “Standard Assay for the PDGF P-AP 

system” described below, however certain reagents were included or 

excluded as indicated in the Figure caption.  For the (-D) cases, 

exonuclease digestion was avoided by adding the phi29 DP and CT 

simultaneously for the RCA solution.  After the RCA reaction, 5 µL aliquots 

were collected and used for PAGE as described above in Figure 4.2A.  For 

selectivity studies, 10 nM of either BSA or thombin were substituted for 

PDGF and the assay was run using exonuclease digestion, with assays run 

as in Figure 4.2A. 

Standard Assay for the PDGF P-AP system (Figure 4.4B). A 5 µL 

solution containing 200 fmol of P-AP15 was prepared in 1× RCA buffer. 

Next, a 10 µL solution containing varying amounts of PDGF in 1× RCA 

buffer was added and incubated at room temperature for 15 minutes.  5 µL 

of 1× RCA buffer containing 0.5U of phi29 DP was then added and 

incubated at room temperature for 6 minutes.  Lastly, a 30 µL RCA solution 

containing 3 µL of 10× RCA buffer, 2 µL of dNTPs (10 mM), 5 µL of 10× 

intercalating dye (SYBR Gold) and 20 µL of water, with a final concentration 

of 1 pmol of circular template (P-AP-CT), was added and the subsequent 

RCA reaction was monitored over 60 min using a Spark platereader 

(Tecan).   
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Reagent and Selectivity Controls for the thrombin T-AP system (Figure 

4.6A). The protocol was similar to the “Standard Assay for the thrombin T-

AP system” described below, however certain reagents were included or 

excluded as indicated in the Figure caption.  For the (-D) cases, 

exonuclease digestion was avoided by adding the phi29 and CT 

simultaneously to the RCA solution.  After the RCA reaction, 5 µL aliquots 

were collected and used for PAGE as described above in Figure 4.2A.  For 

selectivity studies, 10 nM of either BSA or PDGF were substituted for 

thrombin and the assay was run using exonuclease digestion, with assays 

run as in Figure 4.2A. 

Standard Assay for the thrombin T-AP system (Figure 4.6B). The 

digestion step in the thrombin assay was run in an identical manner to the 

PDGF assay except that: 1) the T-AP15 aptamer was used; 2) the 

concentration of phi29 was two-fold higher than used in the PDGF assay 

and; 3) the digestion reaction was run for 60 min rather than 6 min.  The 

RCA reaction was run identically to the PDGF assay except that a final 

concentration of 100 fmol of circular template (T-AP-CT) was used, and the 

subsequent RCA reaction was monitored over 30 minutes using a Spark 

platereader (Tecan).   

Testing in Complex Media (Figure 4.7). The protocol for testing in 

complex media was similar to the “Standard Assay for the PDGF P-AP 

system” protocol described above except that the 10 µL target solution 

contained 20% v/v human serum or human plasma such that the final serum 

or plasma percentage was 10% upon addition of phi29 DP for the digestion 

step.  As well, the digestion time was 30 minutes instead of 6 minutes. 

  



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

242 
 

4.9 Supporting Information 

Table S4.1. List of DNA Sequences Used. 

Name of DNA oligonucleotide Sequence (5’-3’) 

    

Linear precursor of PDGF system (P-AP) 

P-AP-CT (80 nt, anti-aptamer region, 

toehold region) 

CGAACAACAT CAGGATCATG 

GTGATGCTCT ACGTGCCGTA 

GCCTTGCCCA TACTAATCAA 

AGCCCATACT ACAACAACTT 

  

Linear precursor of thrombin system (T-AP)  

T-AP-C9 (60 nt, anti-aptamer region, 

toehold region) 

CGAACAACAT CCAACCACAC 

CAACCGCCCA TACTAATCAA 

AGCCCATACT ACAACAACTT 

  

DNA ligation strand  

AP-L (20 nt) ATGTTGTTCG AAGTTGTTGT 

  

P-AP system aptamers 

P-AP (35 nt) AAGGCTACGG CACGTAGAGC 

ATCACCATGA TCCTG 

P-AP5 (40 nt, 5 nt toehold region) TGGGC AAGGCTACGG CACGTAGAGC 

ATCACCATGA TCCTG 

P-AP10 (45 nt, 10 nt toehold region) TAGTATGGGC AAGGCTACGG 

CACGTAGAGC ATCACCATGA TCCTG 

P-AP15 (50 nt, 15 nt toehold region) TTGAT TAGTATGGGC AAGGCTACGG 

CACGTAGAGC ATCACCATGA TCCTG 

P-AP20 (55 nt, 20 nt toehold region) GGGCTTTGAT TAGTATGGGC 

AAGGCTACGG CACGTAGAGC 

ATCACCATGA TCCTG 

P-AP with Cy5 fluorescent tag As above but with a /5Cy5/ fluorescent tag 

on the 5‘-end of the DNA 
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T-AP system aptamers  

T-AP (15 nt) GGTTGGTGTG GTTGG 

T-AP5 (20 nt, 5 nt toehold region) TGGGC GGTTGGTGTG GTTGG 

T-AP10 (25 nt, 10 nt toehold region) TAGTATGGGC GGTTGGTGTG GTTGG 

T-AP15 (30 nt, 15 nt toehold region) TTGAT TAGTATGGGC GGTTGGTGTG 

GTTGG 

T-AP20 (35 nt, 20 nt toehold region) GGGCTTTGAT TAGTATGGGC 

GGTTGGTGTG GTTGG 

T-AP with Cy5 fluorescent tag As above but with a /5Cy5/ fluorescent tag 

on the 5‘-end of the DNA 
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Figure S4.1. Investigation of the effect of increasing phi29 DP concentration 

on the 3-exonuclease digestion of the PDGF aptaprimer (P-AP).   

Experimental Details. See Figure 4.2A described in the Experimental 

Section.  
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Figure S4.2. Investigation of the effect of increasing reaction time on the 3-

exonuclease digestion of the PDGF aptaprimer (P-AP): (A) Denaturing 

PAGE and; (B) Digestion as a percentage relative to the 0 minute control 

condition.  

Experimental Details. Solutions were prepared containing 2 µL of 10× 

RCA buffer, 50 nM of aptaprimer (P-AP), 2 U of phi29 DP, and diluted to 20 

µL with water.  Next, they were incubated at room temperature for variable 

reaction times.  PAGE was performed as described in the Experimental 

Section for Figure 4.2A.  Digestion as a percentage was determined using 

ImageJ to analyze band intensities relative to the AP band in the control 

lane (0 minute).   
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Figure S4.3. Investigation of the effect of increasing PDGF protein 

concentration on the 3-exonuclease digestion of the PDGF aptaprimer (P-

AP).   

Experimental Details. See Figure 4.2B described in the Experimental 

Section. 
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Figure S4.4. Observing the degree of liberation of AP from the AP-T 

complex by increasing the AP-CT binding affinity via elongation of 5-end of 

the aptamer in the anti-PDGF aptamer system using native PAGE analysis:. 

T = target (specifically PDGF). Elongation lengths of: (A) 0 nt; (B) 5 nt; (C) 

10 nt; (D) 15 nt; (E) 20 nt.  Note that the presence of two bands for the CT-

AP complex suggests that the complex may adopt two unique 

conformations. 

Experimental Details. A solution containing 1.5 µL of 10× RCA buffer, 10 

nM of fluorescently-tagged aptamer ((A) P-AP-Cy5; (B) P-AP5-Cy5; (C) P-

AP10-Cy5; (D) P-AP15-Cy5; (E) P-AP20-Cy5), variable amounts of PDGF, 

and diluted to 15 µL with water was incubated at room temperature for 30 

minutes.  Next, a solution containing 0.5 µL of 10× RCA buffer, 50 nM of 

circular template (P-AP-CT), and diluted to 5 µL with water was added and 

incubated at room temperature for 30 minutes.  PAGE was performed as 

described in the Experimental Section for Figure 4.2A but non-denaturing 

(native) PAGE was used and without SYBR Gold staining.  



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

248 
 

 

 

Figure S4.5. Optimization of digestion time for the anti-PDGF aptamer 

system using a 0.1 CT:AP ratio. RCA product generation monitored in real-

time using SYBR Gold intercalating dye.  A concentration of either 0 or 10 

nM PDGF was used for ratio determination.  Results taken after 60 minutes 

of RCA. 

Experimental Details. The protocol was similar to the “Standard Assay for 

the PDGF P-AP system” described in the Experimental Section, however 

the digestion time, and CT:AP ratio were varied as indicated in the Figure 

4.caption.   
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Figure S4.6. Effect of various heat treatments of protein targets on RP 

generation for the P-AP system. RCA product generation monitored in real-

time using SYBR Gold intercalating dye.   

Experimental Details. The protocols was similar to the “Standard Assay 

for the PDGF P-AP system” described in the Experimental Section, 

however the target protein was either i) “pre-heated” at 95°C for 30 minutes 

and cooled to room temperature prior to incubation with the aptamer; ii) left 

unchanged or; iii) “post-heated” at 95 °C for 30 minutes and cooled to room 

temperature after the digestion step but prior to the addition of circular 

template, dNTPs, and SYBR Gold. 
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Figure S4.7. Role of toehold length on ability to activate RCA in the anti-

PDGF aptamer system.  The toehold length increases from left to right: i) 

no toehold (0 nt); ii) short toehold (5 nt) and; iii) long toehold (15 nt). RCA 

product generation monitored in real-time using SYBR Gold intercalating 

dye.   

Experimental Details. The protocols was similar to the “Standard Assay 

for the PDGF P-AP system” described in the Experimental Section, 

however the aptaprimer used was either: i) P-AP; ii) P-AP5 or; iii) P-AP15. 
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Figure S4.8. Investigation of the effect of increasing various reaction 

parameters for the anti-thrombin T-AP system: i) concentration of phi29 DP: 

(A) Denaturing PAGE and; (B) Digestion as a percentage relative to the no 

phi29 DP control condition. ii) digestion time: (C) Denaturing PAGE and; (D) 

Digestion as a percentage relative to the 0 minute control condition. iii) 

concentration of thrombin: (E) Denaturing PAGE and; (F) Digestion as a 

percentage relative to the no digestion and no target control condition.   

Experimental Details. For (A), solutions were prepared containing 2 µL of 

10× RCA buffer, 50 nM of aptaprimer (T-AP), variable amounts of phi29 DP, 

and diluted to 20 µL with water.  Next, they were incubated at room 

temperature for 30 minutes.  For (C), solutions were prepared containing 2 

µL of 10× RCA buffer, 50 nM of aptaprimer (T-AP), 6 U of phi29 DP, and 

diluted to 20 µL with water.  Next, they were incubated at room temperature 

for a variable number of minutes.  For (E), solutions were prepared 
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containing 1.5 µL of 10× RCA buffer, 50 nM of aptaprimer (T-AP), variable 

amounts of thrombin, and diluted to 15 µL with water.  Next, they were 

incubated at room temperature for 15 minutes.  Next, a solution containing 

0.5 µL of 10× RCA buffer, 6 U of phi29 DP, and diluted to 5 µL with water 

was added and incubated at room temperature for 60 minutes.  PAGE was 

performed as described in the Experimental Section for Figure 4.2A.  For 

(B), (D), and (F), Digestion as a percentage was determined using ImageJ 

to analyze band intensities relative to the AP band in the control lanes.  
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Figure S4.9. Observing the degree of liberation of AP from the AP-T 

complex by increasing the AP-CT binding affinity via elongation of 5-end of 

the aptamer in the anti-thrombin aptamer system using native PAGE 

analysis:. T = target (specifically thrombin). Elongation lengths of: (A) 0 nt; 

(B) 5 nt; (C) 10 nt; (D) 15 nt; (E) 20 nt.  The top band indicates an AP-CT 

duplex whereas the bottom band indicates free AP.  Note that the absence 

of a band for the AP-Target complex is likely the result of rapid on-off rates 

for the complex. 

Experimental Details. The protocol was similar to Figure S4.4 described 

above, however T-AP variations were used instead of the P-AP variations, 

thrombin was used instead of PDGF, and 10 nM of T-AP-CT was used 

instead of P-AP-CT.  PAGE was performed as described in the 

Experimental Section for Figure 4.2A but non-denaturing (native) PAGE 

was used and without SYBR Gold staining. 
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Figure S4.10. Determination of optimal buffer conditions for the T-AP 

system.  RCA product generation monitored in real-time using SYBR Gold 

intercalating dye.  A concentration of either 0 or 10 nM thrombin was used 

for ratio determination.  Results taken after 30 minutes of RCA. 

Experimental Details. The protocol was similar to the “Standard Assay for 

the thrombin T-AP system” described in the Experimental Section, 

however the buffer used during the target incubation and digestion steps 

was modified to either no buffer, HEPES, TRIS, or a range of 0.05-1× RCA 

buffer.  Sufficient RCA buffer was subsequently added to achieve a 1× RCA 

buffer concentration for the RT-RCA step.  
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Figure S4.11. Optimization of the anti-thrombin aptamer system with by the 

following parameters: (A) Optimal phi29 DP concentration with a digestion 

time of 60 minutes and a 0.5 CT:AP ratio; (B) Optimal 3-exonuclease 

digestion time with a phi29 DP concentration of 0.1 U/µL and a 0.5 CT:AP 

ratio and; (C) Optimal ratio of circular template (CT) to aptamer (AP). RCA 

product generation monitored in real-time using SYBR Gold intercalating 

dye.  A concentration of either 0 or 10 nM thrombin was used for ratio 

determination.  Results taken after 60 minutes of RCA. 

Experimental Details. The protocol was similar to the “Standard Assay for 

the thrombin T-AP system” described in the Experimental Section, 

however the phi29 DP concentration, digestion time, and CT:AP ratio were 

varied as indicated in the Figure caption.   
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Figure S4.12. Effect of various heat treatments of protein targets on RP 

generation for the T-AP system. RCA product generation monitored in real-

time using SYBR Gold intercalating dye.   

Experimental Details. The protocols was similar to the “Standard Assay 

for the thrombin T-AP system” described in the Experimental Section, 

however the target protein was either i) “pre-heated” at 95°C for 30 minutes 

and cooled to room temperature prior to incubation with the aptamer; ii) left 

unchanged or; iii) “post-heated” at 95 °C for 30 minutes and cooled to room 

temperature after the digestion step but prior to the addition of circular 

template, dNTPs, and SYBR Gold. 
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Figure S4.13. Effect of complex media on assay performance for P-AP 

system.  (A) 10% human serum or; (B) 10% human plasma.  RCA product 

generation monitored in real-time using SYBR Gold intercalating dye.   

Experimental Details. The protocols were similar to the “Testing in 

Complex Media” step described in the Experimental Section, however the 

digestion time was 6 minutes instead of 30 minutes.  
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Figure S4.14. Determination of optimal digestion time for the P-AP system 

in either 10% human serum or 10% human plasma.  RCA product 

generation monitored in real-time using SYBR Gold intercalating dye.  A 

concentration of either 0 or 10 nM PDGF was used for ratio determination.  

Results taken after 120 minutes of RCA. 

Experimental Details. The protocols were similar to the “Testing in 

Complex Media” step described in the Experimental Section, however the 

digestion time was either 12, 18, 24, or 30 minutes, respectively.
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CHAPTER 5.  

TARGET-MEDIATED 5’-EXONUCLEASE DIGESTION OF DNA 

APTAMERS WITH RECJ TO MODULATE ROLLING CIRCLE 

AMPLIFICATION FOR BIOSENSING 

 

5.1 Author’s Preface 

The following chapter was submitted to ChemBioChem under the citation: 

 

Roger M. Bialy, Yingfu Li, and John D. Brennan. Target-Mediated 5’-

Exonuclease Digestion of DNA Aptamers with RecJ to Modulate 

Rolling Circle Amplification for Biosensing ChemBioChem 2021 

(Submitted) DOI: TBD. 

 

I was responsible for all experimental design, execution and analysis 

included in this chapter.  I wrote the first draft of the manuscript.  Dr. Brennan 

and Dr. Li provided editorial input to generate the final draft of the paper.   

  



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

260 
 

5.2 Abstract 

We report a new method for biosensing based on the target-

mediated resistance of DNA aptamers against 5’-exonuclease digestion, 

allowing them to act as primers for rolling circle amplification (RCA).  A 

target-bound DNA strand containing an aptamer region on the 5’-end and a 

primer region on the 3’-end is protected from 5’-exonuclease digestion by 

RecJ exonuclease in a target-dependent manner.  As the protected aptamer 

is at the 5’-end, the exposed primer on the 3’-end can participate in RCA in 

the presence of a circular template to generate a turn-on sensor.  Without 

target, RecJ digests the primer and prevents RCA from occurring, allowing 

quantitative fluorescence detection of both thrombin, a protein, and 

ochratoxin A (OTA), a small molecule, at picomolar concentrations. 

5.3 Introduction 

A key advantage of molecular diagnostics is the ability to incorporate 

DNA amplification for ultrasensitive detection of nucleic acid species.  While 

polymerase chain reaction (PCR)[1] is a popular approach,[2] more recent 

studies have focused on the development of isothermal DNA amplification 

(ITA) techniques, which overcome the need for expensive thermal cyclers.[3]  

For the detection of non-nucleic acid species, many groups have reported 

on the use of functional nucleic acids (FNAs) such as aptamers[4–8] and 

DNAzymes[9–12] to regulate ITA methods, producing both turn-off and turn-

on sensors.   
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Rolling circle amplification (RCA) is one of the most popular ITA 

methods for integration with FNAs, as the ability to perform RCA at room 

temperature makes it amenable to simple point-of-care (POC) assays.[13,14]    

RCA typically uses a linear primer in conjuction with a circular template (CT) 

and phi29 DNA polymerase (phi29 DP) to produce long, repeating DNA 

reaction products (RP) complementary to the CT.  Several reports have 

shown that protein-binding aptamers can be used for the regulation of RCA 

activity, allowing for sensitive protein quantification.[15–20]  The aptamers 

were typically present within the CT or the linear primer, in which case the 

bound target could inhibit processing by phi29 DP, blocking the RCA 

process and producing a turn-off sensor.   

More recent efforts have exploited the inherent 3’-exonuclease 

activity of phi29 DP with aptamers to instead generate turn-on assays. [18,21–

23]  Such sensors typically use structure-switching to remove a modified CT-

bound aptamer that blocks the RCA reaction.[18,21,22]  However, as this 

method requires careful design of a tripartite structure-switching scheme, it 

may not be compatible with targets for which structure switching systems 

have not yet been developed.  As an alternative, we recently reported a 

method that uses simple, unmodified aptamers for protein detection.[23]  This 

approach used the phi29 DP to digest aptamers in the absence of target, 

with protein-bound aptamers remaining intact.  The CT was then used to 

initiate toehold-mediated strand displacement to remove the aptamer-
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bound protein and allow for aptamer-primed RCA.  However, the 

concentration-response curves generated using this method were non-

linear and the dynamic range of the assay was relatively narrow at only two 

orders of magnitude. 

In this work, we have investigated the potential of using digestion-

mediated priming of RCA using RecJ, a 5’-exonuclease, to overcome the 

need for either structure-switching or toehold-mediated strand 

displacement, greatly simplifying initial assay design.  RecJ has previously 

been used for 5’-exonuclease digestion of target-bound aptamers though it 

has not been used in the context of aptamer protection nor in conjunction 

with an ITA method such as RCA.[24–27] In fact, this is the first report of the 

use of a 5’-exonuclease for the regulation of an RCA system for non-nucleic 

acid targets.  Herein, we have designed a turn-on sensor that consists of a 

single-stranded nucleic acid (NA) sequence with a primer region on the 3’ 

terminal end to initiate RCA, a short NA spacer, an aptamer region for target 

binding, and a short recognition tail on the 5’ terminal end to assist in RecJ-

mediated digestion (Figure 5.1A).  Prior to RCA initiation, the aptaprimer 

(AP) is exposed to RecJ (Figure 5.1B).  If no target is present, RecJ-

mediated 5’-exonuclease digestion of the aptaprimer occurs, preventing 

RCA upon addition of a circular template (CT) and phi29 DP.  However, with 

the target present, the aptamer region and target form a complex that 

shields the AP strand from digestion, and hence introduction of the CT and 
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phi29 DP leads to RCA, with the RP being detected by binding of an 

intercalating fluorescent dye.  This approach was evaluated for the 

detection of two key targets, including thrombin, a protein target that would 

be expected to block digestion based on recent work that demonstrated 

protein-mediated modulation of aptamer digestion,[23] and ochratoxin A 

(OTA), a small molecule target, that was selected to determine if smaller 

targets can also modulate aptamer digestion and thus control RCA. 
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Figure 5.1. (A) The aptamer strand used for RecJ-mediated RCA.  The 
sequence is comprised of a recognition tail on the 5’-end to promote RecJ 
recognition, an aptamer region for target recognition, a short spacer, and a 
primer region on the 3’-end for CT binding.  (B) Schematic representation 
of the target-mediated RCA-based assay.  In the absence of a target, RecJ 
5’-exonuclease digests the aptamer prior to addition a CT and phi29 DP, 
preventing RCA.  The binding of a target protects the aptamer from 
digestion, allowing the CT to bind to the protected primer region and permit 
RCA.  The RCA product is detected using a fluorescent intercalating dye. 
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5.4 Results and Discussion 

This approach was first tested using the 29 nt anti-thrombin aptamer 

(T-AP).[28]  To verify that RecJ could digest the T-AP, increasing amounts of 

RecJ were added to T-AP and the digestion of T-AP was visualized by 10% 

denaturing PAGE (dPAGE) (Figure S5.1A).  As RecJ typically operates at 

37°C and in a different buffer than phi29 DP-mediated RCA (Table S5.2), 

we evaluated different buffer and temperature conditions and observed that 

for T-AP, digestion was optimal when using phi29 DP buffer at 37°C (Figure 

S5.2).  The use of 15 U of RecJ led to nearly complete digestion of T-AP 

(>95%) with the degree of digestion increasing as a function of increasing 

RecJ concentration (Figure 5.2A).  The optimal digestion reaction time was 

determined to be 60 minutes (Figure 5.2B and S5.1B).  The ability of 

thrombin to protect the T-AP from exonuclease digestion was then 

investigated.  After incubation of T-AP with increasing amounts of thrombin, 

T-AP was digested using the optimized reaction conditions identified above 

(15 U of RecJ and 60-minute digestion time), and heat denatured to recover 

the protected T-AP for PAGE analysis (Figure S5.1C).  Higher 

concentrations of thrombin led to less digestion of T-AP suggesting that 

RecJ-mediated digestion of T-AP could be regulated by target-binding and 

complex formation (Figure 5.2C). 
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Figure 5.2. Gel-based optimization of T-AP digestion system: (A) 
Percentage of T-AP digested in 60 minutes as a function of RecJ 5’-
exonuclease concentration (units per reaction).  (B) Percentage of T-AP 
digested as a function of time, using 15 U of RecJ per reaction.  (C) 
Percentage of T-AP digested as a function of thrombin concentration, using 
15 U of RecJ per reaction and a digestion time of 60 minutes, followed by 
heat denaturation at 95 °C for 5 minutes. 
 

Next, the ability to translate this regulation mechanism into an RCA 

reaction was investigated.  To do so, the optimal RecJ concentration and 

digestion time were determined by comparing RCA performance after 30 

minutes of room-temperature amplification between a thrombin-free and a 

thrombin-containing (10 nM) system using SYBR Gold as a fluorescent 
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intercalating dye.  In doing so, an optimal RecJ concentration of 7.5 units 

per reaction was identified (Figure 5.3A) which was approximately less than 

half the ideal RecJ concentration identified using PAGE.  This discrepancy 

could be attributed to using 5-fold less AP in the RT-RCA reactions relative 

to the gel-based reactions, or that RCA product, rather than remaining AP, 

is being monitored.  Optimization of the digestion time showed a limited 

effect on the system (Figure 5.3B), likely indicating that the RecJ 

concentration was the more important variable.  A 45-minute digestion time 

was used going forward as it was the minimal time needed to obtain 

sufficient digestion.   

 

Figure 5.3. Real-time RCA-based optimization of T-AP RCA system using 
the following parameters: (A) Optimal RecJ concentration with a digestion 
time of 60 minutes; (B) Optimal digestion time with a RecJ concentration of 
7.5 U.  RCA product generation monitored in real-time using SYBR Gold 
intercalating dye.  A concentration of either 0 or 10 nM thrombin was used 
for ratio determination.  The dark grey bars indicate the selected optimal 
condition.  Results taken after 30 minutes of RCA. 
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The selectivity of the optimized assay was evaluated using a 45-minute 

digestion by 7.5 U of RecJ per reaction in phi29 DP buffer at 37 °C, followed 

by performing RCA for 30 minutes at room temperature (Figure 5.4A).  

When the AP was excluded (lane 1), only trace amounts of RP were 

observed (possibly due to traces of unligated CT acting as a primer) while 

no RP generation was observed when the CT was excluded (lane 2).  In the 

absence of RecJ, substantial RP was formed independent of thrombin 

concentration (lanes 3 and 4) as no digestion was possible.  With RecJ 

present, elevated levels of RP was formed when thrombin was present to 

protect the AP from digestion (lane 6) but was reduced due to digestion of 

the AP when the target was absent or replaced with a different target (BSA 

or OTA) (lanes 5, 7, and 8). 

A thrombin concentration dependence of the T-AP system was then 

evaluated, producing an LOD of 1 pM of thrombin (3σ) after a 30-minute 

RCA reaction time (Figure 5.4B). The response curve was terminated a 1 

µM thrombin but would be expected to be sigmoidal with an upper plateau 

at 10 M based on the complete inhibition of digestion of the AP at this 

thrombin concentration (see Figure 5.2C). Compared to our previous 3’ 

exonuclease digestion-based RCA assay where high concentrations of 

target suppressed RCA,[23] we observed a 100-fold improvement in the 

detection limit and a much broader dynamic range, spanning 7 orders of 

magnitude, with a linear range of 5 orders of magnitude.  This performance 
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is comparable to other linear RCA-based assays for thrombin detection, 

though incorporation of an exponential RCA method could potentially lower 

the detection limit by 2-3 orders of magnitude (Table S5.2).[19,23,29,30]  

  

 

Figure 5.4. Performance of optimized anti-thrombin system with RCA 
product generation monitored in real-time using SYBR Gold intercalating 
dye. (A) Reagent and selectivity controls, where (-RecJ) denotes no RecJ-
mediated exonuclease digestion. BSA, OTA, and thrombin (Thr) 
concentrations were 1 µM.  The inset includes the denaturing PAGE gel of 
the reaction products as well as the intensity ratios between lanes.  (B) 
Concentration-response curve of RCA product generation in the presence 
of varying amounts of thrombin.  Results taken after 30 minutes of RCA. 
 

Many of the targets for aptamers are small molecules, and hence it was 

important to determine whether small molecules could also protect 

aptamers from RecJ digestion.  A well-known small molecule target with a 

high-affinity aptamer is ochratoxin A (OTA), with a molecular weight of 

403.81 g/mol, which is a fungal-derived mycotoxin often found on 

foodstuffs.[31]  To test the approach with small molecules, we used the 36 nt 
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anti-OTA aptamer as an aptaprimer (O-AP)[31] modified to contain the 3’ 

primer extension and 5’ RecJ recognition sequence (see Table S1).  Upon 

optimization of the O-AP activation assay as outlined for the T-AP system, 

a similar dependence on RecJ was observed (Figure 5.5A, S5.3A), with 25 

U of RecJ per reaction leading to nearly full digestion of O-AP (>95%).  

Interestingly the optimal digestion conditions were different for O-AP, with 

RecJ reaction buffer and 37°C reaction temperature being required for 

optimal digestion (Figure S5.4).  When phi29 DP buffer was used, a 

secondary band was observed suggesting that though the 7A recognition 

tail was digested, RecJ could not process the OTA aptamer. It has been 

previously reported that RecJ digestion can terminate early when it reaches 

double-stranded DNA.[32]  We suspect that this early termination may be 

attributable to stronger intramolecular binding in phi29 DP buffer which 

contains elevated monovalent cation levels.  As with the T-AP system, 

increasing the digestion time also increased the amount of digestion 

observed with 60 minutes or longer being optimal (Figure 5.5B, S5.3B).  The 

addition of OTA also conferred protection onto the aptamer from RecJ-

mediated digestion (Figure 5.5C, S5.3C), confirming that even a small 

molecule target was sufficient to block the processing of the RecJ reaction. 
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Figure 5.5. Gel-based optimization of O-AP digestion system: (A) 
Percentage of O-AP digested in 60 minutes as a function of RecJ 5’-
exonuclease concentration (units per reaction).  (B) Percentage of O-AP 
digested as a function of time, using 25 U of RecJ per reaction.  (C) 
Percentage of O-AP digested as a function of OTA concentration, using 25 
U of RecJ per reaction and a digestion time of 60 minutes, followed by heat 
denaturation at 95 °C for 5 minutes. 
 

Optimization of the RCA reaction using real-time fluorescence 

monitoring indicated that 25 U of RecJ per reaction provided the best 

contrast between OTA-bound and free O-AP, which agreed with the gel-

based optimization (Figure 5.6A).  Following digestion with 25 U of RecJ for 

varying times (45 – 90 min), the RCA components (CT, dNTPs, SYBR Gold) 
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in 1× phi29 DP buffer were added to achieve a final buffer composition was 

two parts RecJ buffer and three parts phi29 DP buffer, and real-time RCA 

was run for 30 min.   A digestion time of 60 min was chosen as it provided 

the highest and most reproducible signal levels (Figure 5.6B).   

 

Figure 5.6. Real-time RCA-based optimization of the O-AP RCA system by 
varying the following parameters: (A) Optimal RecJ concentration with a 
digestion time of 60 minutes; (B) Optimal digestion time with a RecJ 
concentration of 25 U.  RCA product generation was monitored in real-time 
using SYBR Gold intercalating dye.  A concentration of either 0 or 1 µM 
OTA was used for ratio determination.  The dark grey bars indicate the 
selected optimal condition.  Results were taken after 30 minutes of RCA. 
 

These optimized conditions (60 min digestion with 25 U of RecJ followed 

by 30 minutes of RCA) was then used to evaluate the selectivity of the 

reaction (Figure 5.7A).  As was observed with the T-AP system, trace 

amounts of RP were detected when AP was excluded (lane 1) but no RP 

generation was observed when the CT was excluded (lane 2).  No signal 

contrast was observed when the digestion step was omitting indicating that 

digestion is critical for assay function (lanes 3 and 4).  In contrast, in 
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samples with RecJ included (lanes 5-8) substantial RP was formed when 

OTA was present to protect the O-AP (lane 6), while RP generation was 

markedly lower when OTA was absent or substituted with a different target 

(BSA or thrombin) (lanes 5, 7 and 8).   Notably, the relative change in signal 

with and without OTA (< 2-fold) was lower than was observed for the 

thrombin system (~3-fold), suggesting that OTA is not as efficient at 

preventing digestion, likely owing to the small size of the target.  

The concentration-response curve for OTA (Figure 5.7B) generated an 

LOD of 10 pM (3σ) of target after just 30 minutes of RCA, indicating that this 

approach could be generalized to include non-protein targets for 

quantitative detection. Once again, the response curve was expected to be 

sigmoidal, but was terminated at 10 µM OTA prior to reaching a plateau, 

which would be expected to occur at or above 10 µM OTA based on 

digestion data (see Figure 5.5C).  As with the T-AP system, the O-AP 

system exhibited a linear range of 5 orders of magnitude, which was 

competitive with other OTA-targeting linear RCA assays (Table S5.4).[33–35] 
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Figure 5.7. Performance of optimized anti-OTA system with RCA product 
generation monitored in real-time using SYBR Gold intercalating dye. (A) 
Reagent and selectivity controls, where (-RecJ) denotes no RecJ-mediated 
exonuclease digestion. BSA, thrombin (Thr), and OTA concentrations were 
1 µM.  The inset includes the denaturing PAGE gel of the reaction products 
as well as the intensity ratios between lanes.  (B) Concentration-response 
curve of RCA product generation in the presence of varying amounts of 
OTA.  Results were taken after 30 minutes of RCA. 
 

5.5 Conclusion 

In this study, we have shown that target-mediated protection of 

aptamers from digestion by the 5’-exonuclease RecJ can be used to 

modulate RCA in a target concentration-dependent manner.  The method 

does not require the use of a structure-switching aptamer system[18,21,22,36] 

which may affect the native binding affinity of aptamers,[37] or suffer from a 

low dynamic range observed with our previous digestion-based assay.[23]  

To the best of our knowledge, this is the first report that uses a 5’-

exonuclease for the regulation of RCA for the development of a real-time 
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fluorescence assay, and can provide excellent detection limits and a wide 

dynamic range for both a protein and a small molecule target in less than 

two hours.  Potential drawbacks of this method include the need for two 

enzymes (RecJ and phi29 DP), in contrast to the previously reported RCA 

methods that utilized the inherent exonucleolytic properties of phi29 DP, 

and the need for a two-step process with one step occurring above room 

temperature (37°C).  However, we have previously demonstrated that multi-

step assays can be easily performed on paper-based sensors,[38,39] while 

operation of assays at elevated temperatures can be achieved without the 

need for external power sources, allowing operation in remote or point-of-

care settings.[40]  Further development of the assay toward the production 

of a paper-based sensor will be reported in a future manuscript.    
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5.8 Experimental Section 

Oligonucleotides and Other Materials. All DNA oligonucleotides (Table 

S1) were obtained from Integrated DNA Technologies (IDT) and purified by 

standard 10% denaturing (8 M urea) polyacrylamide gel electrophoresis 

(dPAGE) or high-performance liquid chromatography (HPLC). SYBR Gold, 

T4 DNA ligase, T4 polynucleotide kinase (PNK), phi29 DNA polymerase 

(phi29 DP), and the deoxyribonucleoside 5′-triphosphate mixture (dNTP) 

were purchased from Thermo Fisher (USA). RecJ 5’ exonuclease (RecJ) 

and ochratoxin A (OTA) were purchased from New England Biolabs (USA).  

Bovine Serum Albumin (BSA) was purchased from Millipore Sigma (ON, 

Canada).  Human thrombin was purchased from Haematologic 

Technologies Inc. (VT, USA).  Water was purified with a Milli-Q Synthesis 

A10 water purification system.  All other chemicals and solvents were of 

analytical grade and were used as received.   

 

Preparation of Circular Templates. Circular DNAs were prepared from 5´-

phosphorylated linear DNA oligonucleotides through template-assisted 

ligation with T4 DNA ligase.  Phosphorylation of linear DNA oligonucleotides 

was done as follows:  a 50 µL reaction mixture was prepared in 1× PNK 

buffer A (50 mM Tris-HCl, pH 7.6 at 25 °C, 10 mM MgCl2, 5 mM DTT, 0.1 

mM spermidine), containing 8 µM linear circular template DNA (CT), 0.2 U 

PNK and 2 mM ATP.  The mixture was incubated at 37 °C for 1 hour, 

followed by heating at 90 °C for 5 minutes.  The circularization reaction was 

performed in a volume of 100 µL, produced by adding 34 µL of H2O, 5 µL 

of ligation strand DNA (AP-L) (100 µM) and 10 µL of 10× T4 DNA ligase 

buffer (400 mM Tris-HCl, 100 mM MgCl2, 100 mM DTT, 5 mM ATP, pH 7.8 

at 25 °C) to the 50 µL PNK mixture.  After heating at 90 °C for 2 minutes 

and cooling down to room temperature for 10 minutes, 1 µL of T4 DNA 

ligase (10 u/µL) was added.  The mixture was incubated at room 

temperature for 2 hours, followed by heating at 90 °C for 5 min.  The reaction 

mixtures were ethanol precipitated followed by purification of the DNA 

circles by dPAGE and storage at -20 °C until use. 

 

Investigation of increasing RecJ for 5’-exonuclease digestion for the 

thrombin T-AP system (Figure 5.2A). Solutions of 20 µL were prepared 

in 1× RCA buffer (66 mM K-acetate, 33 mM Tris-acetate, 10 mM Mg-

acetate, 1 mM DTT, 0.1% (v/v) Tween 20, pH 7.9 @ 37 °C) containing 50 

nM of aptamer (T-AP) and variable amounts of RecJ and were incubated at 

37 °C for 60 minutes.  All solutions were subsequently mixed with an equal 

volume of 2× denaturing PAGE loading buffer, heated to 95 °C for 5 
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minutes, cooled to room temperature and separated using 10% 

polyacrylamide gel electrophoresis (PAGE) under denaturing conditions.  

The gel was stained with SYBR Gold and fluorescent images of gels were 

obtained using a Chemidoc MP imager (Biorad), analyzed using ImageLab 

software (Biorad) and processed using ImageJ.  Digestion as a percentage 

of the initial intensity obtained for undigested T-AP (no RecJ) was plotted 

using the data obtained from ImageJ. 

 

Investigation of increasing reaction time 5’-exonuclease digestion for 

the thrombin T-AP system (Figure 5.2B). Solutions of 20 µL were 

prepared in 1× RCA buffer (33 mM Tris acetate, pH 7.9 at 37 °C, 10 mM 

magnesium acetate, 66 mM potassium acetate, 0.1% (v/v) Tween 20, 1 mM 

DTT) containing 50 nM of aptamer (T-AP), 15 U/rxn of RecJ and were 

incubated at 37°C for variable reaction times.  PAGE was performed as 

described above for Figure 2A and analyzed using ImageJ as noted above. 

 

Investigation of increasing thrombin for 5’-exonuclease digestion for 

the thrombin T-AP system (Figure 5.2C). 15 µL solutions containing 50 

nM of aptaprimer (T-AP) and variable amounts of thrombin were incubated 

at room temperature for 15 minutes.  Next, a 5 µL solution containing 15 U 

of RecJ in RCA buffer was added and incubated at 37 °C for 60 minutes.  

PAGE was performed as described above for Figure 2A and analyzed using 

ImageJ as noted above. 

 

Optimization of reaction parameters for the thrombin T-AP system 

(Figure 5.3).  The protocol was similar to the “Standard Assay for the 

thrombin T-AP system” described below, however the RecJ concentration, 

and digestion time were varied as indicated in the figure caption. 

 

Reagent and Selectivity Controls for the thrombin T-AP system (Figure 

5.4A). The protocol was similar to the “Standard Assay for the thrombin T-

AP system” described below, however certain reagents were included or 

excluded as indicated in the figure caption.  For the (-RecJ) cases, buffer 

instead of RecJ was added to the samples.  After the RCA reaction, 5 µL 

aliquots were collected and used for PAGE as described above in Figure 

2A.  For selectivity studies, 1 µM of either BSA or OTA were substituted for 

1 µM of thrombin. 

 

Standard Assay for the thrombin T-AP system (Figure 5.4B). A 5 µL 

solution containing 200 fmol of O-AP was prepared in 1× phi29 DP buffer 

(66 mM K-acetate, 33 mM Tris-acetate, 10 mM Mg-acetate, 1 mM DTT, 
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0.1% (v/v) Tween 20, pH 7.9 @ 37 °C). Next, a 10 µL solution containing 

varying amounts of thrombin in 1× RecJ buffer was added and incubated at 

room temperature for 15 minutes.  5 µL of 1× RecJ buffer containing 7.5 U 

of RecJ was then added and incubated at 37 °C for 45 minutes.  Lastly, a 

30 µL RCA solution containing 3 µL of 10× RCA buffer (where 1× contains  

66 mM K-acetate, 33 mM Tris-acetate, 10 mM Mg-acetate, 1 mM DTT, 0.1% 

(v/v) Tween 20, pH 7.9 @ 37 °C), 2 µL of dNTPs (10 mM), 5 µL of 10× 

intercalating dye (SYBR Gold), 2 U of phi29 DP, and 19.6 µL of water, with 

a final concentration of 1 pmol of circular template (CT), was added and the 

subsequent RCA reaction was monitored at room temperature over 30 min 

using a Spark platereader (Tecan).   

 

Investigation of increasing RecJ for 5’-exonuclease digestion for the 

OTA O-AP system (Figure 5.5A). Solutions of 20 µL were prepared in 1× 

RecJ buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 

7.9 @ 25 °C) containing 50 nM of aptamer (O-AP) and variable amounts of 

RecJ and were incubated at 37 °C for 60 minutes.  All solutions were 

subsequently mixed with an equal volume of 2× denaturing PAGE loading 

buffer, heated to 95 °C for 5 minutes, cooled to room temperature and 

separated using 10% polyacrylamide gel electrophoresis (PAGE) under 

denaturing conditions.  The gel was stained with SYBR Gold and fluorescent 

images of gels were obtained using a Chemidoc MP imager (Biorad), 

analyzed using ImageLab software (Biorad) and processed using ImageJ.  

Digestion as a percentage of the initial intensity obtained for undigested O-

AP (no RecJ) was plotted using the data obtained from ImageJ. 

 

Investigation of increasing reaction time 5’-exonuclease digestion for 

the OTA O-AP system (Figure 5.5B). Solutions of 20 µL were prepared in 

1× RecJ buffer containing 50 nM of aptamer (O-AP), and 25 U of RecJ and 

were incubated at 37 °C for variable reaction times.  PAGE was performed 

as described above for Figure 2A and analyzed using ImageJ as noted 

above. 

 

Investigation of increasing OTA for 5’-exonuclease digestion for the 

OTA O-AP system (Figure 5.5C). 15 µL solutions containing 1× RecJ 

buffer 50 nM of aptaprimer (O-AP) and variable amounts of OTA were 

incubated at room temperature for 15 minutes.  Next, a 5 µL solution 

containing 25 U of RecJ in 1× RecJ buffer was added and incubated at 37 

°C for 60 minutes.  PAGE was performed as described above for Figure 2A 

and analyzed using ImageJ as noted above. 
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Optimization of reaction parameters for the OTA O-AP system (Figure 

5.6).  The protocol was similar to the “Standard Assay for the OTA O-AP 

system” described below, however the RecJ concentration, and digestion 

time were varied as indicated in the figure caption. 

 

Reagent and Selectivity Controls for the OTA O-AP system (Figure 

5.7A). The protocol was similar to the “Standard Assay for the OTA O-AP 

system” described below, however certain reagents were included or 

excluded as indicated in the figure caption.  For the (-RecJ) cases, buffer 

instead of RecJ was added to the samples.  After the RCA reaction, 10 µL 

aliquots were collected and used for PAGE as described above in Figure 

2A.  For selectivity studies, 1 µM of either BSA or thrombin were substituted 

for 100 nM of OTA. 

 

Standard Assay for the OTA O-AP system (Figure 5.7B). A 5 µL solution 

containing 200 fmol of O-AP was prepared in 1× RecJ buffer. Next, a 10 µL 

solution containing varying amounts of OTA in 1× RecJ buffer was added 

and incubated at room temperature for 15 minutes.  5 µL of 1× RecJ buffer 

containing 25 U of RecJ was then added and incubated at 37 °C for 60 

minutes.  Lastly, a 30 µL RCA solution containing 3 µL of 10× RCA buffer 

(where 1× contains  66 mM K-acetate, 33 mM Tris-acetate, 10 mM Mg-

acetate, 1 mM DTT, 0.1% (v/v) Tween 20, pH 7.9 @ 37 °C), 2 µL of dNTPs 

(10 mM), 5 µL of 10× intercalating dye (SYBR Gold), 2 U of phi29 DP, and 

19.6 µL of water, with a final concentration of 1 pmol of circular template 

(CT), was added and the subsequent RCA reaction was monitored at room 

temperature over 30 min using a Spark platereader (Tecan).   
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5.9 Supporting Information 

Table S5.1. List of DNA Sequences Used. 

Name of DNA oligonucleotide Sequence (5’-3’) 

    

Linear precursor for circular template (CT) 

CT (69 nt, primer-binding region) CGAACAACAT ATCAAAGCCC 

AACTACAACA ACAACATCAA 

ACAACATCAA ACAA ATACT ACAACAACTT 

  

DNA ligation strand  

AP-L (20 nt) ATGTTGTTCG AAGTTGTTGT 

  

T-AP system aptamer 

T-AP-P7 (61 nt, RecJ recognition 

region, anti-thrombin aptamer region, 

primer region, spacers) 

AAAAAAAAGT CCGTGGTAGG 

GCAGGTTGGG GTGACTAAAA 

ATGTTGTAGT TGGGCTTTGA T 

  

O-AP system aptamer  

O-AP-P7 (68 nt, RecJ recognition 

region, anti-OTA aptamer region, 

primer region, spacers) 

AAAAAAAGAT CGGGTGTGGG 

TGGCGTAAAG GGAGCATCGG 

ACAAAAAATG TTGTAGTTGG GCTTTGAT 
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Table S5.2. Comparison of other RCA-based assays for thrombin detection. 

 

Amplification Method Detection Method LOD (pM) Reference 

    

hyperbranched RCA electrochemical 0.0000012 [41] 

hyperbranched RCA fluorometric 0.002 [29] 

linear RCA chemiluminometric 6.6 [42] 

linear RCA chemiluminometric 0.55 [43] 

linear RCA colorimetric 15000 [16] 

linear RCA colorimetric 0.0023 [44] 

linear RCA colorimetric 0.00001 [17] 

linear RCA electrochemical 0.0353 [45] 

linear RCA electrochemical 0.035 [46] 

linear RCA electrochemical 0.0346 [47] 

linear RCA fluorometric 2000 [48] 

linear RCA fluorometric 240 [19] 

linear RCA fluorometric 100 [19] 

linear RCA fluorometric 100 [23] 

linear RCA fluorometric 30 [49] 

linear RCA fluorometric 10 [30] 

linear RCA fluorometric 1 [29] 

linear RCA fluorometric 1 [50] 

    

linear RCA fluorometric 1 This work. 
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Table S5.3. Comparison of buffer composition. 

 

Phi29 DP Buffer (Thermo Fisher, USA) RecJ Buffer (NEB, New England, USA) 

    

pH 7.9 at 37 °C pH 7.9 at 25 °C 

33 mM Tris-acetate 10 mM Tris-HCl 

10 mM Mg-acetate 10 mM MgCl2 

66 mM K-acetate 50 mM NaCl 

1 mM DTT 1 mM DTT 

0.1% (v/v) Tween 20 No detergent 
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Table S5.4. Comparison of other RCA-based assays for OTA detection. 

 

Amplification  

Method 

Detection  

Method 

LOD  

(original units) 

Approximate 

LOD (pM) 

Reference 

     

hyperbranched RCA electrochemical 0.02 pg/mL 0.05 [51] 

hyperbranched RCA fluorometric 1.2 fg/mL 0.003 [33] 

CHA-assisted RCA fluorometric 0.0002 ng/mL 0.5 [21] 

linear RCA colorimetric 1.09 ng/mL 2700 [52] 

linear RCA electrochemical 5 pM 5 [53] 

linear RCA electrochemical 0.065 ppt 0.16 [54] 

linear RCA fluorometric 0.01 ng/mL 24.8 [35] 

linear RCA fluorometric 18.1 pM 18.1 [34] 

linear RCA fluorometric 0.2 pg/mL 0.5 [55] 

linear RCA fluorometric 0.13 ppt 0.32 [20] 

linear RCA fluorometric 38.8 fM 0.039 [34] 

     

linear RCA fluorometric 10 pM 10 This work. 
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Figure S5.1. Investigation of the effect of increasing various reaction 

parameters for the anti-thrombin T-AP system using 10% denaturing PAGE 

analysis: (A) concentration of RecJ 5’-exonuclease; (B) digestion time; and, 

(C) concentration of thrombin.   

Experimental Details. See Figures 5.2A-C described in the Experimental 

Section.   
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Figure S5.2. Investigation of the effect of increasing RecJ 5’-exonuclease 

concentration for the anti-thrombin T-AP system under different reaction 

conditions using 10% denaturing PAGE analysis: (A) 1x phi29 DP reaction 

buffer and room temperature; (B) 1x phi29 DP reaction buffer and 37°C; (C) 

1x RecJ reaction buffer and room temperature and; (D) 1x RecJ reaction 

buffer and 37°C. 

Experimental Details. The protocol was similar to Figure 5.2A described in 

the Experimental Section, however the buffer conditions and reaction 

temperature were varied as indicated in the figure caption.   
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Figure S5.3. Investigation of the effect of increasing various reaction 

parameters for the O-AP system using 10% denaturing PAGE analysis: (A) 

concentration of RecJ 5’-exonuclease; (B) digestion time and; (C) 

concentration of ochratoxin A (OTA).   

Experimental Details. See Figure 5.5A-C described in the Experimental 

Section.   
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Figure S5.4. Investigation of the effect of increasing RecJ 5’-exonuclease 

concentration for the anti-OTA O-AP system under different reaction 

conditions using 10% denaturing PAGE analysis: (A) 1x phi29 DP reaction 

buffer and room temperature; (B) 1x phi29 DP reaction buffer and 37°C; (C) 

1x RecJ reaction buffer and room temperature and; (D) 1x RecJ reaction 

buffer and 37°C.  

Experimental Details. The protocol was similar to Figure 5.5A described in 

the Experimental Section, however the buffer conditions and reaction 

temperature were varied as indicated in the figure caption.  
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CHAPTER 6. CONCLUSIONS 

6.1 Summary 

The key goal of this thesis was to develop simple and generalizable 

strategies for sensitive detection of non-nucleic acid targets by combining: 

1) linear DNA aptamers that act as primers for rolling circle amplification; 2) 

target mediated modulation of enzyme actions on these aptaprimers to 

inhibit or promote their ability to initiate the RCA reaction; and 3) real-time 

detection of the RCA reaction products using intercalating fluorescent dyes.  

The initial work described in Chapter 3 centered on the development of a 

simple and rapid approach for linking aptamers to RCA through target-

based inhibition of the action of phi29 DP, where binding of a protein target 

prevented the aptamer from binding to the circular template and also 

prevented the ability of phi29 DP to read-through the aptamer-protein 

complex to initiate RCA.  This resulted in a simple one-step and one-pot 

assay based on inhibition of RCA as target concentration was increased.  

This assay was also translated onto a paper-based microwell array that 

allowed for the assay to be utilized in a manner that could meet the 

ASSURED criteria.   

Chapter 4 focussed on developing a target-mediated RCA assay that 

operated by producing an increase in signal (i.e., a turn-on assay) rather 

than a decrease in signal as target concentration was increased.  To 

achieve this goal, the 3’-exonuclease activity of phi29 DP was used to digest 
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the aptaprimer prior to the RCA step, with increases in target leading to 

protection of greater amounts of aptaprimer.  The use of the CT to perform 

a strand displacement reaction allowed the aptaprimer to release the target 

and initiate RCA without the need for additional processing steps.  In this 

case, the target modulates the nuclease activity of phi29 DP, rather than 

modulating the aptaprimer-CT duplex formation, as in Chapter 3.  However, 

it was observed that the latter process became dominant at high target 

concentrations, resulting in a non-linear (bell-shaped) concentration-

response curve.  Importantly, this RCA activation method produced 

substantially better detection limits (ca. 100-fold improvement) relative to 

the original RCA inhibition assay, demonstrating the advantage of the turn-

on assay.  The assay was also capable of operating in diluted serum and 

plasma, providing a step toward use of the assay for testing of clinical 

samples.   

Chapter 5 aimed to address the non-linear response observed for the 

phi29 DP digestion mediated assay.  To achieve this goal, a new enzyme, 

RecJf, which has 5’-exonuclease activity, was used to digest a modified 

aptaprimer with a free 3’ terminus, which avoided the potential of RCA 

inhibition resulting from target binding, while also allowing target-mediated 

digestion to control the amount of aptaprimer available for RCA.   The assay 

was demonstrated using both a protein and a small molecule target and 

revealed that the use of RecJf digestion was blocked by both targets.  As 



Ph.D. Thesis – R.M. Bialy; McMaster University – Chemical Biology 

293 
 

such, the remaining aptaprimer could be used to produce a turn-on 

fluorescence assay with picomolar detection limits and a wide dynamic 

range.   

The assay methods developed in this thesis all work with linear 

aptamers, and as such should be widely applicable to a range of targets, so 

long as an aptamer exists or can be produced through in vitro selection.  

While all methods utilized linear RCA and intercalation of fluorescent dyes 

to produce a signal, it should be noted that the RCA reaction could easily 

be modified to be exponential in nature, and the output could be altered to 

produce colorimetric or electrochemical outputs, or be integrated with a 

variety of devices, as described in detail in the review provided in Chapter 

2. Hence, the work described in this thesis should serve as a starting point 

for further development of a range of different solution and solid-phase 

assays and sensor devices.    

6.2 Future Outlooks 

While the work described herein has provided several new methods 

by which aptamers can be used to control the RCA reaction, several issues 

remain to be addressed.  Three main points of consideration for future work 

are: further improvements to integration of FNAs with different RCA 

methods to reduce detection limits and improve overall assay performance, 

integration of current solution-based RCA assays with simple devices that 
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can meet the ASSURED criteria, and lastly, the movement toward the 

commercialization of RCA-based assays and devices.   

Regarding the first point, Chapter 2 highlighted the already multiple 

examples of the integration of both aptamers and DNAzymes with linear 

and exponential RCA methods.  The key issue to address is to find a 

balance between assay time and detection limit.  For many targets, such as 

those examined in this thesis, it is possible to obtain sufficient detection 

limits using linear RCA with a relatively short assay time.  However, 

detection of toxins or pathogenic bacteria often require detection of 

concentrations that are well below those that can be obtained with linear 

RCA, and in these cases exponential RCA coupled with longer assay times 

may be needed.1–4  As an example, it should be relatively straightforward to 

couple either the phi29 DP digestion assay or the RecJ digestion assay to 

any of the current exponential RCA methods to improve detection limits by 

at least 3 orders of magnitude,5 and thus open the door to an expanded 

range of analytes that require detection at trace levels. 

Regarding the second point, there has already been a substantial 

amount of work related to moving solution-based RCA reactions onto 

devices, as noted in Chapter 2.  Among the devices examined thus far, 

paper-based sensors and electrochemical sensors are the closest to 

meeting the current ASSURED criteria.  However, even these devices fail 

to meet all criteria, as many are still too expensive, require too many steps 
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for operation, or necessitate a reader.  For example, the paper-based device 

described in Chapter 3, while relatively simple and affordable, required a 

fluorescence reader for operation, and functioned as a turn-off sensor, 

impacting the limit of detection.  As highlighted in Chapter 2, there are 

paper-based RCA devices that operate by generating colorimetric outputs, 

but at present these still require multiple assay steps and use perishable or 

labile reagents, making them unsuitable for use in remote settings.   

An emerging area of device design is the integration of assays with 

commercially available tests, such as lateral flow devices or personal 

glucose monitors.  While several aptamer and DNAzyme-based assays 

have already been demonstrated using these devices, and other isothermal 

amplification systems including RCA have also been integrated with these 

devices, at present no FNA-regulated RCA assays have been coupled with 

either device.  This is clearly an area that will require additional attention in 

the future.  

Regarding the third point, while aptamers and DNAzymes have been 

used as MREs for over three decades, the commercialization of devices 

that use such MREs is very limited, and FNA-regulated assays 

incorporating ITA methods have yet to be commercialized.6,7 At this time, a 

few examples of DNAzyme-based sensors are being commercialized such 

as by Innovogene Biosciences Inc. (www.innovogene.com; ANDzymes and 

Urasensor tests), ANDalyze (www.andalyze.com; DNAzyme-based metal 
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ion sensors) and GlucoSentient Inc. (www.glucosentient.com; DNAzyme-

based blood glucose meter devices).  Commercial devices incorporating 

aptamers are similarly limited,8 and at present there are no FNA-based 

devices or any devices incorporating isothermal amplification that are 

commercially available for clinical testing.  This situation is in part due to the 

complex nature of biological media, which often contain nucleases and DNA 

binding proteins that can interfere with the FNAs.9  In addition, many 

examples of FNA-based devices have only been demonstrated using clean 

buffers or artificial biological samples, and have not yet been validated using 

patient samples, which is a critical step in the commercialization pathway.10  

Increased collaboration between scientists, engineers, clinicians and 

industry partners will be needed to help address this issue.   
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