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ABSTRACT OF THE DISSERTATION 

	

Multicomponent DNAzyme-mediated Nucleic Acid Detection and Genotyping  

by 

Kefan Yang 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Irvine, 2023 

Professor John C. Chaput, Chair 

 

The coronavirus disease 2019 (COVID-19) pandemic caused millions of deaths and 

serious socioeconomic disruptions, and boosted the unprecedented development of novel 

nucleic acid detection methods. Although polymerase chain reaction (PCR) is the golden 

standard and has been widely used for practical nucleic acid detection, isothermal 

amplification strategies capable of rapid, inexpensive, and accurate nucleic acid detection 

also provide new options for large-scale pathogen detection, disease diagnosis, and 

genotyping. Here we are going to describe an assay development journey from a simple 

COVID-19 detection assay to a genotyping strategy and eventually to a droplet-based 

amplification-free assay. 

Chapter 1 reviews the general strategies for nucleic acids detection. Starts from the 

most well-known PCR reaction to a variety of isothermal amplification-based techniques that 

have been applied for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
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nucleic acid detection. Specifically, the clustered regularly interspaced short palindromic 

repeats (CRISPR)-based biosensor systems and the DNAzyme-based biosensor systems 

are further described that could be coupled with amplification strategies for ultra-sensitivity 

and specificity. 

Chapter 2 describes a highly sensitive multicomponent XNA-based nucleic acid 

detection platform that combines analyte preamplification with X10–23 mediated catalysis 

to detect the viral pathogen responsible for COVID-19. It is termed RNA-Encoded Viral 

Nucleic Acid Analyte Reporter (REVEALR), and functions with a detection limit of ≤20 aM 

(∼10 copies/μL) using conventional fluorescence and paper-based lateral flow readout 

modalities. With a total assay time of 1 h, REVEALR provides a convenient nucleic acid 

alternative to equivalent CRISPR-based approaches, which have become popular methods 

for SARS-CoV-2 detection. The assay shows no cross-reactivity for other in vitro transcribed 

respiratory viral RNAs and functions with perfect accuracy against COVID-19 patient-

derived clinical samples. 

Chapter 3 describes how we design REVEALR into a novel genotyping assay that 

detects single-base mismatches corresponding to each of the major SARS-CoV-2 strains 

found in the United States. Of 34 sequence-verified patient samples collected in early, mid, 

and late 2021 at the UCI Medical Center in Orange, California, REVEALR identified the 

correct variant with 100% accuracy. The assay, which is programmable and amenable to 

multiplexing, offers an important new approach to personalized diagnostics. 

Chapter 4 describes an improved REVEALR platform, termed digital droplet 

REVEALR (ddREVEALR), that can achieve direct viral detection and absolute quantitation 



 xxii 

utilizing a signal amplification strategy that relies on DNAzyme multiplexing and volume 

compression. Using an AI-assisted image-based readout, ddREVEALR was found to 

achieve 95% positive predictive agreement from a set of 20 nasal pharyngeal swabs 

collected at UCI Medical Center in Orange, California. We suggest that the combination of 

amplification-free and protein-free analysis makes ddREVEALR a promising approach for 

direct viral RNA detection of clinical samples. 

Chapter 5 summarizes the developed DNAzyme-based nucleic acid detection 

methods, offers some alternatives, compares the DNAzyme-based platforms with CRISPR-

based platforms, and gives insight into potential future directions to further elevate the 

REVEALR system.
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1. CHAPTER 1: 

Introduction of nucleic acid detection for SARS-CoV-2 

1.1. Introduction 

Natural nucleic acids, including deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA), encode genetic information and play very important roles in all living creatures. Thus, 

they are commonly used as biomarkers for diagnostics3. Compared with the detection of 

other biomarkers like antigens detection, nucleic acid detection is more sensitive because 

they could be amplified to a tremendous amount before detection.4                             

In general, COVID-19 nucleic acid test includes 3 steps. First, the patent specimens 

could be collected through nasopharyngeal swabs, throat swabs, or saliva. Second, the 

clinical sample will be lysed and purified through an RNA purification kit. Last, the purified 

sample will be moved forward to nucleic acid amplification test (NAAT) based detection. 

Here we are mainly focused on the detection step after RNA purification. 

1.2. Amplification-based methods 

1.2.1 Summary of amplification methods 

Nucleic acid amplification tests (NAATs) are the most used methods for nucleic acid 

detection. A small amount of nucleic acid analytes is amplified using sequence-specific 

primers and polymerases. The amplicons could be detected through fluorescent signal, 

colorimetric signal, lateral flow assay, etc. The most popular NAAT is the PCR, followed by 

isothermal amplifications like loop-mediated isothermal amplification (LAMP), recombinase 
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polymerase amplification (RPA), transcription-mediated amplification (TMA), nucleic acid 

sequence-based amplification (NASBA), nicking and extension amplification reaction 

(NEAR), rolling circle amplification (RCA), helicase-dependent amplification (HDA), strand 

displacement amplification (SDA), etc. There are several additional proteins, like reverse 

transcription (RT), helicase, recombinase, single-stranded DNA binding protein (SSB), and 

RNase H that involve in detecting RNA under isothermal conditions. 

For COVID-19 detection, there are 275 U.S. food and drug administration (FDA) 

approved NAAT-based methods till 11/02/22, among which ~90% of the FDA-approved 

SARS-CoV-2 nucleic acid detection methods are PCR based. Among all the other NAAT-

based methods, LAMP and TMA are the most popular strategies (Figure 1.1, Table 1.1).  

 

Figure 1.2.1. FDA-approved NAAT cases. Data was collected till 11/4/2022. In total, there are 275 FDA-
approved NAAT methods.  
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Table 1.1. Summary of amplification methods for SARS-CoV-2 detection 

No Name Enzyme Limit of detection 
(LoD) 

Reaction 
time (min) Companies Reference 

1 PCR polymerase 1-10 
copies/reaction 30 - 90 Roche; Cepheid; 

Quest Diagnostics 
5,6 

2 NASBA 
RT, RNA 

polymerase, RNase 
H 

50 copies/reaction 90 N/A 7  

4 LAMP polymerase 10 copies/reaction 30 - 60 Detect; Lucira Health 8  

5 HDA polymerase, 
helicase, SSB 6 copies/uL 30 - 120 Quidel Corporation 9  

6 RPA polymerase, 
recombinase, SSB 

5 - 10 
copies/reaction 30 - 90 Synsorbio 10  

8 NEAR Polymerase, 
Nicking enzyme 20 copies/ uL 10 - 30 Abbott 11  

10 TMA RT, RNA 
polymerase <1 copy/ uL 210 Grifols; Hologic; 

Quest Diagnostics 
12  

 

1.1.1. PCR 

PCR was first described as a paper in 1986 by Kary Mullis13 who received the 1993 

Nobel prize in chemistry for this discovery. Since then, PCR was considered the golden-

standard method for nucleic acid detection14. It uses a thermocycler to obtain the optimized 

temperature for denaturation, annealing, and primer extension (Figure 1.2). And by coupling 

with intercalating dye (e.g., SYBR) or the TaqMan probe, it could even do quantitative 

analysis by comparing the cycle of a threshold. For COVID-19 detection, PCR-based 

methods occupy most of the FDA-approved nucleic acid test cases. Companies like Roche 

and Cepheid are selling kits that proved to be accurate and reliable. 
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Figure 1.2.1. PCR test for COVID-19. The figure was adapted from Majumder, J.; Minko, T. AAPS Journal15. 
Reprinted with permission from Springer Nature. 

1.2.2. LAMP 

LAMP was first proposed in 2000 for the highly specific and rapid detection of nucleic 

acids. The reaction is usually performed under 65°C for 30 to 60 minutes and yield ~109 

cauliflower-like dsDNA copies with a strand displacing polymerase and 4-6 primers are 

involved to generate (Figure 1.3). There is a large number of amplicons, resulting in 

pyrophosphate ion by-product and pH change. By coupling with a fluorescent metal indicator 

or pH-sensitive dye, the LAMP reaction enables visual result discrimination16. Also, LAMP 

shows higher tolerance for the inhibitors in the clinical samples17, making it one of the ideal 
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NAAT methods for point-of-care testing (POCT) devices. Till now, LAMP is the most popular 

NAAT method for COVID-19 detection other than PCR. Several related products from 

companies like Lucira health and DETECT have been practically used to fight against 

COVID-19. 

 

Figure 1.2.2. Scheme for LAMP reaction. This figure was adapted from Zheng, Z.; Cheng, Z. Advances in 
Clinical Chemistry; 2017; Vol. 8018. Reprinted with permission from Elsevier. 

1.2.3. RPA 

RPA was first discovered in 2006 utilizing recombinase to separate the dsDNA 

template that avoids the need for thermocycling steps in PCR19. The recombinase-primer 
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complexes can scan the dsDNA template, find the corresponding primer binding sites, and 

insert the primer. SSB is used to stabilize the ssDNA template and primer extension happens 

with strand displacing polymerase (Figure 1.4). With 20 min to 60 min incubation under 37°C 

to 42°C, RPA could detect the attomolar level of the analyte through florescent probe-based 

detection or lateral flow-based detection. The commercial RPA kit is available through 

TwistDx (Cambridge, U.K.) and some companies (e.g., Synsorbio) developed RPA based 

assay for COVID-19 detection. 

 

Figure 1.2.3. RPA amplification scheme. This figure was adapted from Lobato, I. M.; O’Sullivan, C. K. Trends 
in Analytical Chemistry 2018, 98, 19–3520. Reprinted with permission from Elsevier. 
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1.2.4. NASBA and TMA 

NASBA was first discovered in 1991 as an alternative nucleic acid amplification 

yielding an RNA amplification of 106 to 109-fold under 41°C within 2 hours.21 It requires three 

enzymes: RT, T7 RNA polymerase, and RNase H. The target RNA will first bind to primers 

and do primer extension with RT to generate cDNA. After RNase H digestion, the single-

stranded cDNA will serve as the template for primer extension after binding to the second 

primer that contains the T7 promoter overhang. With T7 RNA polymerase, there will be many 

antisense RNA generated which will also serve as templates for the original RT reaction 

(Figure 1.5). The NASBA reaction targets RNA and does the exponential accumulation of 

the antisense RNA.22 TMA is a very similar method, and the only difference is the lack of 

RNase H which was replaced by the RT that has the RNase H activity. TMA-based method 

has been used for practical COVID-19 detection by companies like Grifols, Hologic, and 

Quest Diagnostics. 
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Figure 1.2.4. NASBA assay for SARS-CoV-2 detection. This Figure was adapted from Wu, Q., Suo, C., 
Brown, T., Wang, T., Teichmann, S. A.; Bassett, A. R. Sci. Adv (Vol. 7)7. Exclusive license American 
Association for the Advancement of Science. Distributed under a Creative Commons Attribution License 4.0 
(CC BY). 

1.2.5. HDA 

In the HDA reaction, DNA helicase is employed to unwind the dsDNA and generates 

ssDNA for primer binding and the single-stranded binding protein (SSB) is coated with the 

ssDNA to prevent reassociation of the DNA templates (Figure 1.6). Then DNA polymerase 

will do primer extension to generate a million-fold amplification.23 The HDA reaction needs 

incubation at 37°C or 65°C for 30 to 120 min. The commercial HDA kit is available through 

the New England BioLabs for research and Quidel for practical SARS-CoV-2 detection. 
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Figure 1.2.5. HDA overview. The figure was adapted from Barreda-García, S.; Miranda-Castro, R.; de-los-
Santos-Álvarez, N.; Miranda-Ordieres, A. J.; Lobo-Castañón, M. J. Analytical and Bioanalytical Chemistry. 
Springer Verlag January 1, 2018, pp 679–693. 24. Reprinted with permission from Springer Nature. 

1.2.6. NEAR 

NEAR was first described in a patent published in 2009. This idea was amended from 

the original linear mode exponential amplification reaction (EXPAR) where nicking enzyme 

that cleavage on only one strand of the dsDNA cleavage site and strand-displacing 

polymerase could continually do primer extension from the cleavage sites for linear 

amplification25. The NEAR (Figure 1.7) introduces nicking enzyme cleavage sites on both 

forward amplicon and reverse amplicon, making the nicking enzyme cleavage to be an 

exponential amplification for the same amplicon region26. One advantage is the short 

reaction time because the reaction is usually completed in 10 to 20 min. Whereas the 

drawback of the method is the potential false negatives caused by non-specific 

amplification27. Abbott’s ID NOW device is a great example of using NEAR for COVID-19 

detection. 
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Figure 1.2.6. Nicking enzyme amplification reaction (NEAR). This figure was adapted from Khan, P., 
Aufdembrink, L. M.; Engelhart, A. E. ACS Synthetic Biology, 9(11), 2861–288014. Reprinted with permission 
from the American Chemical Society. 
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1.3. Biosensor-based detection 

Although the isothermal amplification-based methods show a lot of potentials, there 

exist trade-offs on these types of methods like sensitivity or specificity due to non-specific 

amplification, which limits their further applications for POCT or over-the-counter (OTC) 

devices. Thus, higher sensitivity and specificity methods are higher desired. 

One potential solution for this issue is to couple a biosensor system with isothermal 

amplification to further enhance its sensitivity and specificity. Here we are going to describe 

two promising biosensors: CRISPR-Cas protein and multicomponent DNAzyme.  

1.3.1. CRISPR-based methods 

1.3.1.1. Derivation and Mechanism of CRISPR diagnostics 

Since the discovery of the CRISPR-Cas9-based gene editing system in 201228, it has 

been widely used for gene therapy. The system was first applied to diagnose the discovery 

of collateral cleavage activity in 201629. Since then, researchers further boosted the 

sensitivity by combining with NAAT, for example, LAMP, RPA, RCA, EXPAR, NASBA, etc, 

with the CRISPR-based biosensor. The two well-known assays are the specific high-

sensitivity enzymatic reporter unlocking (SHERLOCK) system30 and the DNA endonuclease 

targeted CRISPR trans reporter (DETECTR) system31, which will be explained in detail later. 

1.3.1.2. Summary of current NAAT assisted CRISPR based methods 

There are three major categories (Cas9, Cas12, Cas13) distinguished by their protein 

families of CRISPR systems (Table 1.2). Cas9 targets dsDNA and cleaves on the dsDNA. 
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The detection system used deactivated Cas9 and could recognize the single nucleotide 

polymorphisms (SNP) by the different binding affinity between match or mismatch conditions. 

Whereas most Cas13 and Cas12-based detections rely on the collateral effect. Once the 

crRNA and CRISPR protein complex bind to the target analyte, the RNase activity (Cas13) 

or DNase (Cas12) activity will be triggered and do cleavage on the fluorescence-labeled 

reporter.30 

The most popular NAAT methods that were used with CRISPR protein for COVID-19 

detection are RT-LAMP and RT-RPA. The limit of detection (LoD) ranges usually in the low 

aM level, which is considered comparable with PCR-based assay. The addition of the 

CRISPR sensor to the NAAT reaction enhanced the sensitivity because of the additional 

signal amplification32 and the combined system has the capability of recognizing a single 

mutation30. More importantly, it can minimize the drawback of isothermal amplification, the 

non-specific amplification. 

The reaction time ranges from 40 min to 120 min, depending on the choice of NAAT, 

purification protocols, and signal readout methods. There are 3 major signal readouts:  

fluorescent readout, lateral flow readout, and naked-eye visualization. In general, the 

fluorescent readout gives the highest signal intensity and lateral flow readout33, and naked 

eye visualization methods have better convenience towards POCT and OTC. 

Based on the reaction liquid transferring steps, it could be separated as one pot 

reaction or two pot reaction. In general, two pot reaction has higher sensitivity but has a 

higher chance of getting contamination, needs well-trained researchers to operate, and 

requires extra liquid handling34. Whereas one-pot reaction is more convenient and tends to 
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be more suitable for practical POCT devices. There are several strategies to achieve one 

pot goal, for example, using special separation by adding CRISPR reagent to the wall or on 

cap32,35, microfluidic device for liquid handling,36 or utilizing the viscosity of glycerol37. Overall, 

the CRISPR system shows a huge potential for POCT or OTC of future precision medicine.   
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Table 1.2. NAAT assisted CRISPR based methods for COVID-19 detection 

Classification Assay name NAAT 
method LoD Time 

(min) Readout 1 / 2 pots Ref 

Cas13-based 

CREST RT-PCR 10 
copies/reaction 120 Naked eye 2 38 

SHERLOCK RT-RPA 42 
copies/reaction 60 Fluorescent/LFA 2 39 

SHINE RT-RPA 10 copies/ uL 50  Fluorescent/LFA 1 40 

DISCoVER RT-LAMP 40 copies/ uL 60 Fluorescent 1 36 

Cas12-based 

STOPCovid.v2 RT-LAMP 100 
copies/reaction 45  Fluorescent/LFA 2 41 

DETECTR RT-LAMP 10 
copies/reaction 40 LFA 2 8,42 

AIOD-CRISPR RT-RPA 5 
copies/reaction 40  Naked eye 1 42 

iSCAN RT-LAMP 10 
copies/reaction 40  Naked eye/LFA 2 43 

CASdetec RT-RAA 10 
copies/reaction 60 Fluorescent/Naked 

eye 1 44 

Cas9-based FELUDA RT-RPA 10 
copies/reaction 60 LFA 1 40 

Note: LFA: lateral flow assay; RAA: recombinase-aided amplification. 

1.3.1.3. SHERLOCK system 

The specific high-sensitivity enzymatic reporter unlocking (SHERLOCK) system is the 

1st mature CRISPR-based biosensing system established in 2017, which can achieve the 

attomolar (aM) level of DNA/RNA detection with single-based resolution (Figure 1.8). The 

nucleic acid targets are isothermally amplified by RPA, the dsDNA amplicon will then be 

converted to ssRNA by T7 transcription. Cas13 protein will then bind to the ssRNA with the 

assistance of crRNA and do collateral RNA cleavage on the fluorescent reporter and give 

distinguishable signals45. 
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Figure 1.3.1.3. SHERLOCK nucleic acid detection platform. The figure was adapted from Nat Biomed Eng 
2020, 4 (12), 1140–114939. Reprinted with permission from Springer Nature. The SHERLOCK system was 
updated to the SHERLOCK v2 in 201846, which is a quantitative, multiplex, cascaded with Csm6 and lateral 
flow-based detection, making it more practical for POCT detection. 

As the COVID-19 pandemic occurred in 2020, several clinical studies on rapid SARS-

CoV-2 nucleic acid detection using the SHERLOCK system were performed. One clinical 

study in a Thailand hospital used 154 clinical samples using the original SHERLOCK system 

and achieved 100% positive perspective agreement (PPV) and 100% negative perspective 

agreement (NPV) with fluorescence readout. It shows the reliability of the assay for practical 

nucleic acid detection. 

This assay is in process of being commercialized by SHERLOCK Bioscience and 

Proof Diagnostics. And SHERLOCK Bioscience received FDA emergency use authorization 

(EUA) approval on 02/18/2022. In the future, you could expect to get reliable nucleic acids 

test for infectious diseases like COVID-19 or sexually transmitted diseases (STDs) at home. 

1.3.1.4. DETECTR system 

The DETECTR system was first proposed by Jennifer Doudna and coworkers in 

201831. It discovered the non-specific ssDNA cleavage activity of Cas12 once binding to the 

dsDNA target (Figure 1.9). Since the Cas12 could do collateral cleavage after binding to 
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dsDNA amplificon, it simplified the T7 transcription step compared with the SHERLOCK 

system. Once combined with isothermal amplifications like RT-RPA or RT-LAMP, the whole 

system could detect low attomolar (aM) levels of DNA/RNA analyte. 

 

Figure 1.3.1. The DETECTR system for SARS-CoV-2 detection. The figure was adapted from Chen, J. S.; 
Ma, E.; Harrington, L. B.; da Costa, M.; Tian, X.; Palefsky, J. M.; Doudna, J. A. Science (1979) 2018, 360 
(6387), 436–43931. Reprinted with permission from the American Association for the Advancement of Science. 

To fight against the COVID-19 pandemic, researchers in Mammoth Bioscience 

evaluated the DETECTR assay for the SARS-CoV-2 virus with 78 patient samples and 

achieved 95% PPV and 100% NPV8. This assay received FDA EUA approval on 07/07/2021. 

Currently, they are in process of developing a system using automated liquid handling 

equipment. This new high throughput system could be able to detect thousands of samples 

per day. 
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1.3.2. Multicomponent RNA-cleaving DNAzyme-based methods  

In addition to CRISPR-based biosensors, multicomponent RNA-cleaving DNAzyme 

is another promising biosensor to combine with NAAT for highly sensitive and specific 

amplification on COVID-19 detection. Here I will give a detailed description of the derivation 

of DNAzyme, the current state-of-art of multicomponent DNA enzyme, the SNP recognition 

capability examples, and the influences of chemical modifications. 

1.3.2.1. Derivation and Mechanism of DNAzyme  

The first RNA-cleaving DNAzyme was discovered by Gerald Joyce in 1997 through 

in vitro selection47. They found the 8-17 DNAzyme (the 17th clone from round 8) and 10-23 

DNAzyme (the 23rd clone from round 10). The 10-23 DNAzyme is composed of a 15 nt 

catalytic core and two substrate binding arms that are reverse complementary to the target 

RNA (Figure 1.10). The preferred cleavage site is YR, where Y = U or C, and R = A or G 

and the UG site has the highest cleavage efficiency. The cleavage activity is dependent on 

the metal ion where magnesium (Mg2+) is most frequently used and higher pH tends to 

accelerate the cleavage48. 
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Figure 1.3.2 Composition of the DNAzyme catalytic motifs. This figure was adapted from Stephen W. 
Santoro and Gerald F. Joyce, Biochemistry 199747. Reprinted with permission from the American Chemical 
Society. 

Recently, researchers in Germany obtained the crystal structure of the 10-23 

DNAzyme49 where it forms a condensed core region with an additional turn around the RNA 

substrate (Figure 1.11a, b). The mechanism was illustrated through 3 major steps, substrate 

binding and metal ion binding, cleavage, and dissociation (Figure 1.11c). Based on Gerald 

F. Joyce’s study and Manuel Etzkorn’s study, the rate-limiting step might be the substrate 

binding or the release of Mg2+ shown as state B2. These phenomena will be further studied 

in the following chapters. 
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Figure 1.3.2. Crystal structure and states of cleavage transition of the 10-23 DNAzyme. a. overview of 
10-23 DNAzyme with the catalytic core positive labeled. b. The crystal structure and its simplified version of 
the 10-23 DNAzyme. c. Overview of the cleavage transition states. This figure was adapted from Nature 2022, 
601 (7891), 144–14949. Reprinted with permission from Springer Nature. 

1.3.2.2. Derivation and development of Multicomponent DNAzyme  

The split design was initially used as a binary DNA probe or a binary DNAzyme for 

analyte detection50–52. It was Alison V. Todd and her coworkers that first introduced the split 

design to 10-23 DNAzyme, which boosted the cleavage activity and made it more practical 

for analyte detection53. Over the last 10 years, the multicomponent deoxyribozyme 

(MNAzyme) has been well developed for multiple signal readouts and a better limit of 

detection for broader applications (Table 1.3). 

The MNAzyme sensor for nucleic acid detection can be classified into 3 categories, 

MNAzyme only, MNAzyme with signal amplifications, and MNAzyme with NAAT. For 

MNAzyme only, researchers were further improving the performance of MNAzyme by using 

additional reagents like cationic copolymer54, locked nucleic acid (LNA) modifications,55 or 

using some special instrument like microwell56. To extend the application, researchers also 
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coupled with gold nanoparticles (GNPs)57 for colorimetric readout or alkaline phosphatase 

(ALP)58 for electrochemical readout. 

For MNAzyme with signal amplifications, researchers introduced hybridizations-

based amplification strategies like hybridization chain reaction (HCR)59 or catalytic hairpin 

assembly reaction (CHA)60 for signal transducers. Also, cascade designs were frequently to 

enhance the sensitivity or minimize the reaction time. MNAzyme were coupled with 

exonuclease61, glucose oxidase,62 or another DNAzyme63,64 for explorational signal 

amplifications. 

For MNAzyme with NAAT, the biosensors were coupled with NAAT methods like 

PCR65 or RCA.66 Alison V. Todd and her coworkers coupled MNAzyme with PCR, which 

served as an alternative for the TaqMan probe in real-time quantitively PCR (qRT-PCR). 

MNAzyme has also shown its capability of coupling with isothermal amplifications like RCA, 

which makes it a potential solution for the non-specific amplification issue of general 

isothermal amplification methods. We will further dig into this method category later.
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Table 1.3. Summary of MNAzyme 

Category Year Novelty Detection limit Signal Readout Target Time 
(min) Ref. 

MNAzyme only 

2010 original MNAzyme 5 pM optical DNA 120 67 

2013 combined with gold 
nanoparticles (GNPs) 50 pM colorimetric DNA 60 57 

2015 cationic copolymer 2 pM optical DNA 60 68 
2016 alkaline phosphatase (ALP) 79 pM electrochemical DNA 150 58 

2020 microwell 7.8 pM (measured);  
180 fM (calculated) optical DNA 60 56 

2020 cationic copolymer  
and LNA  

2 pM (measured);  
73 fM (calculated) optical miRNA 30 55 

MNAzyme + 
Signal 

amplification 

2011 HCR + MNAzyme 10 fM optical DNA 6480 59 

2015 exo III-assisted cascade 
target recycling 20 fM optical DNA 145 61 

2019 glucose oxidase + MNAzyme 65 pM electrochemical miRNA 120 62 
2019 CHA-HCR-MNAzyme 5 pM optical DNA/miRNA  240 60 
2019 subzyme 10 pM optical DNA 120 64 

2020 cross-catalytic 
subzymes 1 fM optical DNA 30 63 

NAAT + 
MNAzyme 

2012 PCR + MNAzyme 10 copies/reaction optical DNA/RNA 40 - 70 65 
2016 RCA + MNAzyme 1.66 fM electrochemical miRNA 420 66 
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1.3.2.3. SNP recognition of MNAzyme 

In addition to nucleic acid detection, the MNAzyme also shows the capability of SNP 

detection69. The split design previously showed successful SNP detection with split G-

quadruplex DNAzyme70, split RNA-cleaving DNAzyme52, split oligo probe with molecular 

beacon,71 and split aptamer probe72. The split 10-23 DNAzyme, or MNAzyme also showed 

SNP detection capability by several studies73,74.  

Based on the studies above (Figure 1.12), there are several patterns for using split 

design for SNP detection. First, SNP detection is usually coupled with amplification methods 

like PCR because the sensors have LoD ranging from nM level to pM level, which is not 

enough for the practical test. Second, the SNP identification arm is usually shorter to be 

sensitive to single mismatch compared with the other half of the analyte binding arm. Third, 

the SNP detection positions in the middle region of the recognition arm tend to have the 

highest discrimination factor although the result is highly sequence dependent.  

 

Figure 1.3.2. SNP detection with split design. (a) example of molecular beacon-based SNP detection with 
split design. (b) example of RNA-cleaving DNAzyme-based SNP detection with split design. 
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1.3.2.4. Chemical modifications of DNAzyme  

As mentioned earlier, the rate-limiting step of the RNA cleaving DNAzyme is either 

the substrate binding or Mg2+ releasing. Deriving from that, researchers used a variety of 

chemical modifications, like 2′-deoxy-2′-fluoroarabino nucleic acid (FANA), LNA, 2'-o-

methylribonucleic acid (OMe), phosphorothioate (PS) bond, etc. to further enhance the 

cleavage efficiency (Table 1.4). 

Chemical modifications on substrate binding arms proved to be an efficient way to 

overcome the bottleneck of the substrate binding process. For example, LNA modification 

could lead to increase helical thermostability, better SNP recognition, and higher nuclease 

resistance. In 2002, Jesper Wengel and coworkers75 proved that LNA modifications in the 

substrate binding arm could dramatically enhance the efficiency of RNA cleavage and better 

multiple turnover activity. After that Lun-Quan Sun and coworkers76 showed that the 

substitution of deoxyguanine with deoxyinosine could also enhance the cleavage rate. Jens 

Kurreck and coworkers77 proved that 2’OMe modifications could also enhance cleavage 

activity. More recently, John Chaput and coworkers78 showed FANA modifications 

outcompete the DNA version of the substrate binding arm both in vitro and in vivo, making 

the substrate binding arm to be a key region for chemical modifications. 

Modifications on the catalytic core could enhance the biostability of DNAzyme and 

potentially tune the catalytic cycle and enhance the cleavage activity. In 2003, Jens Kurreck 

and coworkers77 proved that OMe modifications on the catalytic core could enhance the 

biostability against nucleases. In 2006, Wojciech J. Stec and coworkers79 showed 

phosphorothioate modifications on catalytic core positions 1 or 8 enhanced the cleavage 
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activity by contributing to metal ion binding. John Chaput and coworkers78 showed that 

FANA modifications on position 2 and 8 could enhance the cleavage rate. Most recently, 

Manuel Etzkorn and coworkers49 rationally designed a 6-thio modification on position 14 and 

showed enhanced activity based on their discoveries on the first 10-23 DNAzyme crystal 

structure.  

Last but not the least, chemical modifications on the trigger binding arm have also 

shown benefits when the arms are short. Atsushi Maruyama and coworkers80 used LNA to 

enhance the binding efficiency for an 11-mer trigger binding arm and showed enhanced 

sensitivity. 

Overall, chemical modifications could significantly influence cleavage activity. Thus, 

fully optimizing the 10-23 DNAzyme chemotypes would be very important to enhance the 

performance of the multicomponent DNAzyme biosensor. 
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Table 1.4. Chemical modifications on 10-23 DNAzyme 

Modification position Year Modifications Number of 
modifications Ref 

Substrate-binding arm only 

2002 LNA 4 (arm) 75 
2003 deoxyinosine 1 (arm) 81 
2003 LNA 4 (arm) 82 

2004 LNA/2'OMe 6 (LNA) / 
10 (OMe) 

83 

2009 LNA 4 (arm) 84 

Substrate-binding arm and 
catalytic core 

2003 2'OMe 10 (arm) + 
6 (core) 

85 

2012 2'OMe 8 (arm) + 
6 (core) 

86 

2021 FANA 12 (arm) + 
2 (core) 

78 

catalytic core only 

2007 PS bond 1 (core) 79 

2013 2′-deoxyguanosine 
analogues 2 (core) 87 

2014 2’-C-methyl/2'Ome 3 (2'Ome) + 
1 (2’S) + 2 (2’R) 

88 

2016 3-Aminopropyl 1 (core) 89 
2022 6-thio modification 1 (core) 49 

Trigger-binding arm 2020 LNA 8 (trigger arm) 55 
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2. CHAPTER 2 

REVEALR: SARS CoV-2 nucleic acid detection platform 

Publication Note 
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2.1. Abstract of the Chapter 

Isothermal amplification strategies capable of rapid, inexpensive, and accurate 

nucleic acid detection provide new options for large-scale pathogen detection, disease 

diagnosis, and genotyping. Here we report a highly sensitive multicomponent XNA-based 

nucleic acid detection platform that combines analyte preamplification with X10–23-

mediated catalysis to detect the viral pathogen responsible for COVID-19. The platform, 

termed RNA-Encoded Viral Nucleic Acid Analyte Reporter (REVEALR), functions with a 

detection limit of ≤20 aM (∼10 copies/μL) using conventional fluorescence and paper-

based lateral flow readout modalities. With a total assay time of 1 h, REVEALR provides a 
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convenient nucleic acid alternative to equivalent CRISPR-based approaches, which have 

become popular methods for SARS-CoV-2 detection. The assay shows no cross-reactivity 

for other in vitro transcribed respiratory viral RNAs and functions with perfect accuracy 

against COVID-19 patient-derived clinical samples. 

2.2. Introduction 

The COVID-19 pandemic, caused by the spread of SARS-CoV-2 across the globe, 

represents the greatest challenge to U.S. health and prosperity since the Great Depression. 

With an estimated total cost of $16 trillion and more than 2.2 million deaths reported 

worldwide90, routine large-scale testing capacity is urgently needed to control the spread of 

COVID-19 and facilitate safe environments for social and economic activities involving travel, 

school, and work91. Although quantitative reverse-transcription real-time PCR (qRT-PCR) is 

the gold standard analytical technique for SARS-CoV-2 detection in patients, long 

turnaround times (>24 h) have prompted a need for alternative public health screening 

tools26.  The problem is exacerbated by the need for specialized equipment, reagents, and 

trained personnel, which may be unavailable in rural communities or developing countries. 

A more effective path to curbing the spread of the pandemic would involve the broad 

deployment of rapid and inexpensive point-of-care diagnostics for routine healthcare 

monitoring with positive cases subsequently confirmed by qRT-PCR-certified facilities. 

Isothermal amplification strategies capable of rapid, inexpensive, and accurate viral 

detection offer a promising alternative to qRT-PCR as a public health tool for routine COVID-

19 detection. The most common approaches include reverse-transcription loop-mediated 

isothermal amplification (RT-LAMP) and reverse-transcription recombinase polymerase 
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amplification (RT-RPA)19,92. Although inexpensive, rapid, and field-deployable, both 

techniques suffer from problems associated with nonspecific DNA amplification, leading to 

high rates of false positive diagnosis93. However, this problem can be overcome by using 

sequence-specific detection modalities that recognize unique nucleic acid signatures 

following an RT-LAMP or RT-RPA preamplification step. Common examples include the 

SHERLOCK and DETECTR systems based on CRISPR-Cas enzymology, which provide 

sensitive and highly accurate platforms for viral RNA detection31,45. 

Here we report the development and characterization of a simple nucleic acid 

detection platform called RNA-Encoded Viral Nucleic Acid Analyte Reporter (REVEALR) 

that can achieve viral RNA detection with attomolar (aM) sensitivity in 1 h using synthetic 

oligonucleotides that avoid the need for a recombinant Cas protein enzyme94. REVEALR is 

based on the newly discovered Xeno-nucleic acids enzyme (XNAzyme) 10–23, which was 

designed for enhanced gene silencing activity in cellular environments using finely tuned 

XNA chemotypes that balance RNA substrate binding with product release78. Conversion of 

X10–23 into a split enzyme, as originally described by Mokany and co-workers for the parent 

10–23 DNAzyme67, enables the production of a multicomponent optical sensor (Figure 2.1a) 

that can generate an output signal in response to the presence of an input target sequence, 

here termed the trigger. Signal amplification via cleavage of a quenched RNA reporter 

occurs if the complex is bound to the target sequence, allowing for highly specific monitoring 

of single-stranded viral RNA (Figure S2.1). 
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Figure 2.2. XNAzyme-mediated nucleic acid detection. (a) Overview of the nucleic acid sensor. Two 
catalytic cores (left and right) self-assemble in the presence of a viral RNA analyte (trigger) to produce a 
functionally active catalyst with a separate enzyme active site that is capable of site-specific cleavage of an 
RNA reporter. RNA (red), DNA (black), FANA (orange), input trigger (green). The red arrow indicates the G–
U dinucleotide cleavage site. (b) Limits of detection for the 10–23, X10–23, and X10–23 Pro multicomponent 
sensors measured by fluorescence detection across a range of analyte concentrations after incubation for 30 
min. n = 3; error bars represent the standard error of the mean (SEM). Two-tailed Student’s t test: *, P < 0.05; 
**, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Reactions were performed in buffer containing 50 mM MgCl2 at 
pH 8.5 (24 °C). Abbreviations: au, arbitrary units; S, full-length 5′-labeled RNA substrate; P, 5′ cleavage 
product. 

2.1. Results 

To evaluate the nucleic acid strategy, we compared the limit of detection (LoD) for 

the classic 10–23 DNA design to the newly discovered X10–23 enzyme in a multicomponent 

format in which the catalytic core of both nucleic acid enzymes was divided into two separate 

parts that self-assemble into an active sensor in the presence of the viral RNA trigger (Figure 

1a)47. In addition, we also evaluated a modified version of X10–23, termed X10–23 Pro, in 

which both DNA trigger arms were replaced with the unnatural nucleic acid analogue 2′-

fluoroarabino nucleic acid (FANA) (Table S2.1)95. In the presence of in vitro transcribed (IVT) 

RNA analyte encoding a region of the S-gene from the SARS-CoV-2 genome (Figure S2.2), 
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the 10–23, X10–23, and X10–23 Pro sensors (Figure 2.1b) function with analytic LoDs 

of 5 nM, 500 pM, and 250 pM, respectively, when assayed after 30 min in buffer containing 

50 mM magnesium chloride (MgCl2) at pH 8.5 (24 °C). A kinetic analysis (Figure S2.3) 

revealed that X10–23 Pro functions with a first-order rate constant of 5.5 ± 0.89 min–1. 

To achieve the attomolar-level sensitivity necessary for SARS-CoV-2 detection in 

human samples, the multicomponent X10–23 Pro system was combined with a 

preamplification step like the one used for CRISPR-based SARS-CoV-2 detection8,39. 

Accordingly, IVT RNA diluted to attomolar levels was isothermally amplified by RT-RPA and 

forward-transcribed by T7 RNA polymerase to generate the single-stranded RNA trigger 

required for X10–23 Pro detection. We refer to the combined process of viral preamplification 

and specific nucleic acid detection by X10–23 Pro-mediated hydrolysis of a quenched RNA 

reporter as REVEALR (Figure 2.2a). The process requires a total of 60 min to complete, with 

30 min of preamplification. 

REVEALR was initially used to compare the kinetics of fluorescence signal 

generation for the multicomponent enzymes of 10–23, X10–23, and X10–23 Pro. The 

assays were performed in T7 RNA polymerase buffer containing 6 mM MgCl2 at pH 7.9 

(37 °C) across a dilution series of quantified IVT RNA targeting a portion of the viral genome 

that encodes a region of the spike (S) protein (Figure S2.2). Kinetic measurements 

performed in triplicate indicate that X10–23 Pro has the greatest potential for establishing a 

highly sensitive viral RNA detection assay with an initial LoD of 50 aM (Figure S2.4). 

Subsequent optimization of the reaction conditions by adjusting such factors as the 

magnesium acetate concentration and reverse transcriptase enzyme used in the RT-RPA 
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reaction reduced the analytical LoD to 2 aM after 90 min of detection (Figures 2.2b, S2.5, 

and S2.6). 

Under optimal reaction conditions, the analytic LoD was determined to be ≤20 aM 

after 30 min of preamplification and 30 min of analyte detection, which corresponds to ∼10 

copies of RNA/μL (Figure 2.2c). This value is below the average viral load observed in 

COVID-19 patients, which ranges from 80 to 752 copies/μL96. The LoD was independently 

validated using a paper-based lateral flow readout modality (Figure 2.2d), which confirmed 

an analytical LoD of at least 20 aM. The results from the two LoD assays are quantitatively 

like those from the CRISPR-based systems SHERLOCK and DETECTR, demonstrating that 

nucleic acid enzymes can compete with protein enzymes in a diagnostic assay format8,39.  

 

Figure 2.1. REVEALR detection of SARS-CoV-2. (a) Overview of the detection assay. The SARS-CoV-2 
region of interest is isothermally amplified by RT-RPA and then transcribed with T7 RNA polymerase to 
produce multiple copies of the RNA trigger. X10–23 Pro assembly on the RNA trigger leads to the cleavage of 
a quenched fluorescent reporter for fluorescence detection or a biotin-labeled fluorescent RNA for lateral flow 
detection. Cleavage site (red arrow). (b) Kinetics of fluorescent signal generation over 90 min across a range 
of RNA dilutions. au, arbitrary units. (c) Limit of detection for fluorescence-based quantification at designated 
RNA concentrations. Measurements are mean ± SEM, n = 3 for (b) and (c). Two-tailed Student’s t test: *, P < 
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (d) Limit of detection using lateral flow readout containing 
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control and test bands. (c) and (d) show data collected after 30 and 60 min of detection, respectively. au, 
arbitrary units; NTC, no-template control. 

Next, we evaluated REVEALR in a partially blinded study comprising 24 IVT RNA 

samples. Twelve of the samples contained the SARS-CoV-2 RNA poised at concentrations 

of 20, 50, 100, and 500 aM, while the remaining samples contained SARS-CoV-1, middle 

east respiratory syndrome (MERS), rhinovirus, or influenza An RNA poised at a 

concentration of 500 aM. The samples were prepared and organized by a team member not 

affiliated with the study, and REVEALR was used to identify the SARS-CoV-2 samples. 

Fluorescence analysis (Figure 2.3c, Figure S2.7) showed that REVEALR was able to identify 

all 12 positive samples and 11 of the negative samples, indicating that the assay functions 

with 100% positive predictive agreement and 92% negative predictive agreement on IVT 

RNA. The one false negative result was thought to be due to contamination caused by 

human error. 

 

Figure 2.1. Specificity of SARS-CoV-2 detection. (a) Kinetics of fluorescence signal generation for a SARS-
CoV-2-specific REVEALR assay performed on a range of viral RNA samples. (b) Fluorescence signal 
generated for a SARS-CoV-2-specific REVEALR assay after 30 min of detection. Two-tailed Student’s t test: 
*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Threshold is defined as twice the signal-to-noise (S/N) 
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ratio of the NTC fluorescence intensity. Samples were poised at 50 fM concentration. (c) Blinded viral RNA 
assay. REVEALR was used to identify SARS-CoV-2 samples in a randomized study. au, arbitrary units; NTC, 
no-template control containing nuclease-free water. 

Last, we evaluated the power of REVEALR on clinically relevant samples. Consistent 

with our IVT RNA analysis, we observed an LoD of 9 aM on heat-inactivated virus obtained 

from Vero cells (Figure S2.8). We then tested the REVEALR system on extracted RNA from 

nasopharyngeal swaps collected from 10 PCR-positive and 2 PCR-negative COVID-19 

patients (Table S2.2). REVEALR was 100% accurate using fluorescence and lateral flow 

readout modalities, identifying SARS-CoV-2 in all 10 PCR-positive samples, and yielding a 

negative result for both PCR-negative swaps (Figure 2.4). 

 
 

Figure 2.1 REVEALR detection of clinical samples. (top) Lateral flow readout containing control and test 
bands. (bottom) Fluorescence signal generated after 30 min of detection. Two-tailed Student’s t test: *, P < 
0.05; **, P < 0.01; ***, P < 0001; ****, P < 0.0001. au, arbitrary units; NTC, no-template control. The T/C ratio 
is the ratio of test to control band intensity. 
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We wished to investigate the specificity of REVEALR for SARS-CoV-2 RNA versus 

other RNA viruses that are known to cause respiratory infections. IVT RNA was constructed 

for SARS-CoV-1, MERS, rhinovirus, and influenza A. S-gene-specific SARS-CoV-2 

REVEALR assays performed on all five RNA samples demonstrated that the SARS-CoV-2 

assay is rapid (1 h) and highly specific for SARS-CoV-2 (Figure 2.3a, b). No cross-reactivity 

was observed for the other four viral samples, including SARS-CoV-1, which is 80% identical 

to SARS-CoV-297. Real-time and single-end-point detection assays show that the off-target 

viral samples are indistinguishable from the no-template control (NTC) containing nuclease-

free water, all of which have a signal-to-noise (S/N) ratio of less than 2. 

2.2. Conclusion and discussion 

In summary, we have demonstrated that REVEALR provides a new strategy to 

improve the speed, sensitivity, and specificity of COVID-19 detection. Sequence-specific 

target recognition is achieved using a chemically synthesized multicomponent nucleic acid 

enzyme that is capable of highly sensitive analyte detection (≤20 aM) using an optical or 

visual readout system that relies on efficient cleavage of an RNA reporter. Relative to related 

CRISPR-base systems, REVEALR has several advantages, including (1) broader sequence 

targetability due to the absence of constraints imposed by the protospacer adjacent motif 

(PAM) motif, (2) increased simplicity by avoiding the need for protein expression and 

purification, and (3) reduced cost of detection because the sensor is based entirely on 

synthetic oligonucleotides. These features, along with a programmable platform and a 

nucleic acid enzyme that can compete with a protein enzyme in a diagnostic assay, make 

REVEALR an attractive system for pathogen detection. We suggest that broad-based 
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deployment of this and other related point-of-care diagnostics could help control the spread 

of COVID-19 in the U.S. and across the globe. 

2.3. Experimental details 

Materials 

DNA and RNA oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA). DNA and FANA phosphonamidites were purchased from Glen Research 

Corporation (Sterling, VA). TwistAmp® Basic Kit and TwistAmp® Liquid Basic Kit was 

purchased from TwistDx (Maidenhead, UK). Solutions of dNTPs (100 mM) and SuperScript 

IV Reverse transcriptase were purchased from ThermoFisher (Waltham, MA). T7 RNA 

polymerase and buffer was purchased from Lucigen Corporation (Middleton, WI). HiScribe 

T7 High Yield RNA Synthesis Kit, RNase H, and Moloney murine leukemia virus (M-MuLV) 

Reverse transcriptase was purchased from New England Biolabs (Ipswich, MA). 

HybriDetect lateral flow strips were purchased from Milenia Biotec (Giessen, DE). 2019-

nCoV N Positive Control was purchased from Integrated DNA Technologies (Coralville, IA). 

In vitro transcribed RNA samples 

DNA versions of the SARS-CoV-2 (S region), SARS-CoV-1, MERS, Rhinovirus, and 

Influenza A gene fragments were obtained from IDT. All genes were PCR amplified with 

forward primers containing the T7 promoter. Pseudoviral RNA was then prepared by in vitro 

transcription using HiScribe T7 High Yield RNA Synthesis Kit. The reaction mixtures 

contained 10 mM of each ribonucleoside triphosphate (NTP), 1X reaction buffer, 3 μL PCR 

product, 2 μL T7 RNA polymerase mixture and 5 μL of nuclease free water, which were 
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incubated at 37°C overnight. The crude RNA was purified by 15% denaturing urea 

polyacrylamide gel electrophoresis (PAGE) and electroeluted at 180 V for 3 hours. Purified 

RNA stocks were quantified by Nanodrop and diluted in nuclease-free water to desired 

concentrations. 

Oligonucleotide synthesis 

Synthetic oligonucleotides containing FANA residues were synthesized in-house 

using an automated solid-phase DNA synthesizer (Applied Biosystems 3400) on Glen 

UnySupport CPG columns (1 μmole, Glen Research, Sterling, VA). The standard DNA 

protocol was modified by increasing the coupling time to 360 seconds for FANA 

phosphonamidites. Cleavage from the solid support and final deprotection of each 

oligonucleotide was achieved by heating for 18 h at 55°C in 33% NH4OH. Oligonucleotides 

were purified by denaturing PAGE, electroeluted, desalted using a YM-3 Centricon 

centrifugal filter (Millipore, Burlington, MA), and quantified by UV absorbance using a 

Nanodrop spectrophotometer. FANA containing oligonucleotides were validated by MALDI-

TOF mass spectrometry (microflex MALDI-TOF MS, Bruker, Billerica, MA). 

In vitro kinetic analysis of RNA cleavage 

Kinetic cleavage reactions were performed at 25°C in 20 μL volumes containing 50 

mM Tris-HCl (pH 8.5), 150 mM sodium chloride (NaCl), 50 mM MgCl2, 500 nM Cy5-labeled 

RNA substrate, 500 nM RNA trigger strand, and 500 nM of each strand of the 

multicomponent enzyme (Mz-A and Mz-B). The sensor was assembled by heating a solution 

containing all the reagents except MgCl2 for 5 min at 95°C and cooling for 5 min on ice. 
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Reactions were initiated by the addition of MgCl2 and left incubating at 25°C for up to 60 min. 

Individual time points were collected by diluting 1.5 μL of reaction into 16.5 μL of formamide 

stop buffer (95% formamide, 25 mM EDTA) and cooling on ice. Samples were denatured for 

10 min at 95°C and analyzed by 15% denaturing urea PAGE. Gels were visualized by the 

LI-COR Odyssey CLx. kobs values were calculated by fitting cleavage percentage and 

reaction time (in min) to the first-order decay equation (1) using Prism 8 (GraphPad, San 

Diego, CA). 

P! = P"(1 − e#$!"#!)      (1) 

Where P! is the percentage of cleaved substrate at time t, P" is the apparent reaction plateau 

and k%&' is the observed first-order rate constant. 

 

Sensitivity of the 10-23, X10-23, and X10-23 Pro split catalysts 

Sensitivity assays were performed at 25°C in 20 μL volumes containing 50 mM Tris-

HCl (pH 8.5), 150 mM NaCl, 50 mM MgCl2, 500 nM FQ RNA substrate, 500 nM Mz-A, 500 

nM Mz-B, and RNA trigger strand. The trigger strand was poised at a range of concentrations 

to determine the limit of detection. Nuclease-free water was used in the case of the no 

template control. Mz-A, Mz-B, RNA trigger strand, and FQ RNA substrate were annealed in 

Tris-HCl and NaCl by heating for 5 min at 95°C and cooling on ice for 5 min. Reactions were 

initiated by the addition of MgCl2 and the reaction was monitored by quantitative real-time 

PCR at 1 min intervals over a period of 2 hours. 
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RT-RPA preamplification 

A lyophilized RPA pellet was resuspended with 29.5 μL rehydration buffer, 1 μL 

RNase H (5 U/μL), 0.5 μL SuperScript IV RT (200 U/μL), 0.5 μL of forward primer (50 μM), 

and 0.5 μL of reverse primer (50 μM). A portion (12.8 μL) of the master mix was transferred 

to each PCR tube. To initiate the assay, 2 μL of magnesium acetate and 6.4 μL of IVT RNA 

fragment were added to each tube. After brief agitation and centrifugation, the reactions 

were incubated for 25 min at 42°C. The strip was removed after the first 5 min, briefly 

vortexed, and returned to the heating device. After 25 min, the reaction was inactivated by 

heating for 5 min at 95°C. RT-RPA tube were then placed on ice before transferring to an 

X10-23 Pro driven fluorescence or lateral-flow detection assay. 

Fluorescence-based detection assay 

Split X10-23 Pro detection assays were performed at 37°C in a 20 μL volume 

containing 1X T7 RNA polymerase buffer (40 mM Tris-HCl, 6 mM MgCl2, 10 mM DTT, 2 mM 

spermidine, pH 7.9), 0.5 mM of each NTP, 5 mM DTT, 1.5 U T7 RNA polymerase, 500 nM 

Mz-A, 500 nM Mz-B, and 500 nM FQ RNA substrate. A portion of the RT-RPA product (2 

μL) was transferred to the reaction mixture (18 μL). Reactions were monitored by 

quantitative real-time PCR at 1 min intervals over a period of 2 hours at 37°C. 

Lateral-flow strip detection assay 

Split X10-23 Pro detection assays were performed at 25°C in a 20 μL volume 

containing 1X T7 RNA polymerase buffer (see above), 0.5 mM of each NTP, 5 mM DTT, 1.5 

U T7 RNA polymerase, 500 nM Mz-A, 500 nM Mz-B, and 500 nM F-Biotin RNA substrate. 
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A portion of the RT-RPA product (2 μL) was transferred to the reaction mixture (18 μL). The 

tubes were then incubated for 1 h at 37°C before diluting the product in 80 μL HybriDetect 

assay buffer. After a brief agitation and centrifugation, the HybriDetect lateral flow strips 

were dipped in the reactions and incubated for 2 min at 25°C. The strips were then imaged, 

and the bands were quantified using ImageJ (NIH, Bethesda, MD). 

Blinded test 

24-IVT RNA samples were prepared with random order by a team member not 

affiliated with the study. Twelve of the samples contained the SARS-CoV-2 virus poised at 

concentrations of 20, 50, 100 and 500 aM with 3 replicates, while the remaining samples 

contain SARS-CoV-1, MERS, rhinovirus, or influenza A, each poised at a concentration of 

500 aM with 3 replicates. The REVEALR system was used to identify the SARS-CoV-2. 

Samples with signal to noise(S/N) ratio > 2 were considered positive for SARS-CoV-2, while 

samples with a S/N < 2 were considered negative for SARS-CoV-2. 

Evaluation of patient-derived clinical samples 

Twelve patient-derived nasopharyngeal swabs were obtained from the University of 

California Irvine COVID-19 Research Biobank. All samples were collected by trained 

medical professionals at the University of California Irvine. The samples consisted of 10 

PCR positive and 2 PCR negative samples for SARS-CoV-2. The samples were heat 

inactivated for 1 hour at 80°C by trained professionals at the UCI Biobank prior to receipt by 

our lab. SARS-CoV 2 viral RNA was extracted following the centers for disease control and 

prevention (CDC) recommended Qiagen DSP Viral RNA Mini kit protocol. The REVEALR 



 40 

system was used to detect the extracted RNA using both fluorescence and lateral flow 

readout modalities as described above. 

Sensitivity test of REVEALR with heat-inactivated SARS-CoV-2 

Heat-inactivated SARS-CoV-2 (ATCC VR-1986HK) was diluted into nuclease-free 

water and quantified using CDC recommended Promega GoTaq® Probe 1-Step RT-qPCR 

System (A6120). The REVEALR system was used to test the limit of detection to the dilutions 

of heat-inactivated SARS-CoV-2 virus. Fluorescent signal was evaluated using student’s t 

test to assess the statistical significance of the measurement. 
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3. Chapter 3:  

REVEALR-genotyping: SARS CoV-2 nucleic acid variant identification 

platform 
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3.1. Abstract of the Chapter 

The SARS-CoV-2 virus has evolved into new strains that increase viral 

transmissibility and reduce vaccine protection. The rapid circulation of these more harmful 

strains across the globe has created a pressing need for alternative public health screening 

tools. REVEALR (RNA-encoded viral nucleic acid analytic reporter), a rapid and highly 

sensitive DNAzyme-based detection system, functions with perfect accuracy against 

patient-derived clinical samples. Here, we design REVEALR into a novel genotyping assay 
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that detects single-base mismatches corresponding to each of the major SARS-CoV-2 

strains found in the United States. Of 34 sequence-verified patient samples collected in early, 

mid, and late 2021 at the UCI Medical Center in Orange, California, REVEALR identified the 

correct variant [Wuhan-Hu-1, alpha (B.1.1.7), gamma (P.1), epsilon (B.1.427/9), delta 

(B.1.617.2), and omicron (B.1.1.529)] with 100% accuracy. The assay, which is 

programmable and amenable to multiplexing, offers an important new approach to 

personalized diagnostics. 

3.2. Introduction 

The coronavirus induced disease 19 (COVID-19) pandemic, caused by spread of the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) across the globe, is 

responsible for nearly 6 million deaths worldwide and far-reaching socioeconomic 

disruptions90. Although the mutation rate of SARS-CoV-2 is relatively low due to the 

presence of an exonuclease enzyme that reduces the replication error rate by ∼15–20-fold98, 

evolution of the virus has led to the emergence of novel viral lineages, including variants of 

concern (VOC) that threaten pandemic recovery by increasing viral transmissibility and 

reducing vaccine protection99. Following rapid fixation of the D614G substitution in early 

2020100, new strains emerged that include the B.1.1.7 (alpha), B.1.351 (beta), P.1 (gamma), 

B.1.427/9 (epsilon), B.1.617.2 (delta), and B.1.1.529 (omicron) variants101. These new 

variants harbor mutations in the spike (S) glycoprotein that stabilize the receptor binding 

domain (RBD) in the up conformation, which supports increased binding of angiotensin-

converting enzyme 2 (ACE2) on the host cell102–104. An increased risk of infection or 

reinfection105, coupled with reduced protection afforded by vaccines or neutralizing 
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antibodies106, has created a pressing need for additional diagnostic tools that can facilitate 

COVID-19 detection in conjunction with strain identification107.  

The COVID-19 pandemic has exposed critical gaps in point-of-care (POC) 

diagnostics that are needed to facilitate safe environments for social and economic 

activities91. Currently, whole genome sequencing is widely applied as a broad public health 

screening tool for monitoring epidemiological changes in the population, and more 

importantly, the early detection and prevalence of emerging SARS-CoV-2 variants (Figure 

3.1a)108. However, the diagnosis of individual patients for a specific VOC is best performed 

by sequencing the S-gene of viral samples collected from nasopharyngeal swabs, which is 

a slow and costly process that does not scale to the population. Other approaches, such as 

S-gene target failure109, TaqMan110, and LAMP111, suffer from limitations in their reliability, 

sensitivity, and specificity, making them suboptimal techniques for VOC genotyping112. Even 

CRISPR-based systems, though effective, have a narrow range of target sites due to 

constraints imposed by the PAM region113. This method also requires an extra base pair 

mismatch in the CRISPR RNA sequence that can lead to genotyping errors45. As such, new 

POC diagnostics are needed to rapidly detect nucleic acid sequences with high sensitivity 

and single-based specificity107.  
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Figure 3.2 REVEALR-based detection of SARS-CoV-2 variants of concern. (a) Progression of COVID-19 
cases in the United States from January 2020 to January 2022. Colors signify the dominant VOC observed at 
the collection date. Data points are based on a 7-day average. (b) Schematic view of competitive REVEALR 
genotyping. The SARS-CoV-2 region of interest is isothermally amplified by RT-RPA and T7 RNA polymerase 
to produce multiple copies of the RNA analyte. Competitive XNAzyme assembly on the viral RNA produces a 
fluorescent signal specific to the sample genotype via site-specific cleavage of a quenched fluorescent reporter. 
2-D analysis shows WT or VOC detection based on the measured fluorescence observed for the FAM and 
HEX signal, respectively. Abbreviations: WT (wild type); VOC (variant of concern); X, Y (SNP position); and 
au (arbitrary units). Red arrow indicates substrate cleavage site. Colors: RNA (red); DNA (black); green (WT, 
Fam signal); and blue (VOC, Hex signal). 

 

Here, we report the design and clinical validation of a two-step REVEALR-based 

(RNA-encoded viral nucleic acid analytic reporter) nucleic acid detection system for SARS-

CoV-2 genotyping. The REVEALR strategy is based on a multicomponent DNA enzyme 

(DNAzyme) that assembles in vitro to produce an output signal in response to the presence 

of a specific nucleic acid sequence47,114. Signal amplification, via cleavage of a quenched 
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fluorescent reporter, occurs if the DNAzyme is bound to the target sequence67, which allows 

for highly sensitive COVID-19 detection in patient-derived clinical samples1. To facilitate 

VOC genotyping, we converted REVEALR into a competitive binding assay that detects 

single-base mismatches associated with each of the major SARS-CoV-2 variants. We then 

validated the assay against sequence-verified patient samples collected in early, mid, and 

late 2021 at the UCI Medical Center in Orange, California. REVEALR identified the correct 

VOC associated with each patient sample with 100% accuracy. The assay, which is 

programmable and amenable to multiplexing, has the potential to serve as a rapid, low cost, 

and scalable public health screening tool for symptomatic and asymptomatic detection of 

specific SARS-CoV-2 variants. 

3.3. Results 

Transforming REVEALR into a Genotyping Assay 

REVEALR is based on a split DNAzyme design strategy in which two halves of a 

catalytic core (Figure 3.1b) self-assemble in the presence of a viral RNA analyte to produce 

a functionally active catalyst that can cleave a quenched-fluorescent RNA oligonucleotide 

strand hybridized to the substrate binding arms of the DNA scaffold67. Signal amplification 

occurs via the multiple turnover activity of the enzyme, if the DNAzyme is bound to the viral 

RNA analyte and ceases when the complex dissociates into its individual pieces67. Previous 

studies have shown that REVEALR functions with an analytical limit of detection (LoD) of 

∼20 aM (∼10 copies/μL), which is equivalent to the CRISPR-based methods of 

SHERLOCK45 and DETECTR31 and below the average viral load of COVID-19 patients96.  
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Transforming REVEALR into a genotyping assay requires balancing differences in 

the energetics of hybridization between a perfectly matched viral RNA analyte and a viral 

analyte carrying a single-nucleotide mutation (i.e., SNP). Since binding to a perfectly 

matched RNA strand is energetically more favorable than a mismatched strand, properly 

engineered sensors can be designed to detect a single mutation (transition or transversion) 

in a nucleic acid sequence115. To further enhance the sensitivity of detection, we designed 

a two-color competitive binding assay that challenges a wild-type and VOC-specific 

DNAzyme to recognize a genetic mutation within a small region of the viral RNA genome 

(Figure 3.1b). RNA substrates used in the competitive binding assay are equipped with 

fluorescent dyes (i.e., fluorescein (FAM) and hexachlorofluorescein (HEX)) that have non-

overlapping spectral features and nucleic acid sequences that are complementary to their 

cognate DNAzyme (e.g., wild-type and VOC). Data produced from the competitive assay is 

visualized in a two-dimensional (2-D) plot (Figure 3.1b) with the wild-type analyte producing 

a strong signal in the lower right quadrant and the VOC analyte generating an equivalently 

strong signal in the upper left quadrant depending on the identity of the viral RNA analyte 

present in the sample. By performing the assay against a panel of DNAzymes, each tailored 

to recognize a specific VOC, we reasoned that it should be possible to unambiguously 

identify the specific SARS-CoV-2 variant infecting a given patient-derived clinical sample. 

Realizing that chemically modified nucleotides can increase the selectivity of SNP 

discrimination, we explored the use of locked nucleic acids (LNA) as a chemical tool for 

improving the activity of our DNAzymes116. LNA is a conformationally restricted nucleic acid 

analog that forces the ribose sugar to adopt a 3′-endo conformation by containing a 

methylene bridge between the C2′ and C4′ atoms117. Thermodynamic studies reveal that 
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LNA increases the melting temperature of DNA oligonucleotides by 4–8 °C per residue when 

base paired with complementary strands of RNA118. Critically, LNA residues are known to 

enhance the SNP discrimination power of oligonucleotide probes by stabilizing the matched 

complex to a greater extent than the mismatched complex119. In our analysis, we positioned 

the SNP recognition site in the center of the right substrate binding arm, which was thought 

to be an optimal position based on prior work in the field52. We also evaluated the inclusion 

of LNA residues in both substrate binding arms, as LNA residues at these positions are 

known to increase the catalytic efficiency of the parent 10-23 DNAzyme75. We discovered 

that DNAzymes carrying LNA residues at both the SNP position and 5′ and 3′ and terminal 

positions of the substrate binding arms (Figure 3.2) function with higher sensitivity than an 

unmodified version of the DNAzyme or a DNAzyme carrying a single LNA residue at the 

SNP position. Titration assays reveal that all three sensors exhibit a linear downward 

correlation between fluorescence and analytic concentration (Figure S3.1) with the 

DNAzyme carrying LNA residues at the SNP position and substrate binding arms yielding 

the highest change in fluorescence between the matched and mismatched substrates 

across a concentration range of 5 to 100 nM analyte (Figure 3.2). This design configuration 

was therefore used as the molecular basis of our REVEALR genotyping technology. 



 48 

 

Figure 3.3. Sensor optimization. (a) Overview of multicomponent nucleic acid sensor. Two catalytic cores 
(Mz-A and Mz-B) self-assemble in the presence of a viral RNA analyte (not shown) to produce a functionally 
active catalyst with a separate active site that is capable of site-specific cleavage of a quenched fluorescent 
RNA reporter. Sensor 1 is DNA, sensor 2 contains a single LNA residue at the SNP position, and sensor 3 
contains LNA residues at the SNP position and the 5′- and 3′-terminal positions of the substrate binding arms. 
Red arrow indicates the cleavage site and green nucleotides denote LNA residues. (b) Sensor optimization. 
Change in fluorescence observed for sensors 1–3 against decreasing concentration of a matched and 
mismatched DNA analyte corresponding to the A570D mutation observed in the S1 protein of the SARS-CoV-
2 genome. Error bars represent the standard error of the mean (SEM) with n = 3. Abbreviations: au, arbitrary 
units; S, quenched 5′-fluorescent substrates; P, 5′-fluorescent products. Black dot denotes the SNP position. 

Non-competitive and Competitive REVEALR 

In designing the REVEALR system, we were initially concerned about the potential 

for cross-reactivity between our DNAzymes. This drawback, which exists for all 

hybridization-based strategies, could make it difficult to accurately identify VOCs in clinical 

samples. To evaluate this problem, we compared the cross-reactivity of DNAzymes that 

were designed to discriminate the wild-type (Wuhan-Hu-1) and alpha (B.1.1.7) strains of 

SARS-CoV-2 by distinguishing a C → A transversion in the viral genome responsible for the 

A570D mutation in the S1 glycoprotein (Figure S3.2, Table S3.1). We measured the 

fluorescent signal generated by the wild-type and alpha DNAzyme sensors targeting a 

perfectly matched DNA analyte or mismatched DNA analyte. SNP detection assays were 
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performed under non-competitive (individual DNAzymes) and competitive (both wild-type 

and VOC DNAzymes) binding conditions to compare the resolving power of nucleotide 

discrimination between the two assay formats (Figure S3.3). Fluorescence values collected 

across a range (5–500 nM) of analyte concentrations (Figure 3.3a, b) indicate that non-

competitive binding conditions allow for accurate SNP detection at low analyte 

concentrations (5–15 nM range). However, the resolving power of this system is diminished 

when the analyte concentration reaches a higher level that is more reminiscent of viral RNA 

samples obtained after isothermal amplification by RT-RPA or LAMP (Figure 3.3a, b)26. This 

problem is less severe in the competitive binding assay, which exhibits lower background 

fluorescence due to competition between DNAzymes for the same viral analyte. As an 

example, the wild-type sensor distinguishes the wild-type analyte (at 100 nM) from the alpha 

variant by a factor of 10:1 under competitive conditions but only 2:1 under non-competitive 

conditions. This result suggests that it should be possible to genotype patient samples 

across a broader range of analyte concentrations, as illustrated in the 2-D plot shown 

in Figure 3.3c. 
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Figure 3.3. Nucleic acid detection assay. (a) Fluorescence signal generated by the wild-type and alpha 
sensors initialized by a segment of the wild-type analyte under non-competitive (left) and competitive (right) 
reaction conditions. (b) Fluorescence signal generated by the wild-type and alpha sensors initialized by a 
segment of the alpha variant under non-competitive (left) and competitive (right) reaction conditions. Error bars 
represent the standard error of the mean (SEM) with n = 3. (c) 2-D analysis showing wild-type and alpha variant 
detection under competitive reaction conditions. Each data point is the average of 3 replicates. NTC, no 
template control. 

Multicomponent DNAzyme Sensors for SARS-CoV-2 Variants of Concern 

We evaluated 18 single-nucleotide mutations across all regions of the SARS-CoV-2 

genome (Table S3.2) to establish a panel of multicomponent DNAzymes that could identify 

each of the major VOCs observed in the population over the last 24 months. To ensure high 

sensitivity for each VOC, we focused our analysis on genomic mutations that were prevalent 

in >90% of each genotypic lineage120. The screen identified 11 DNAzymes that functioned 

with high discriminating power against the wild-type strain in genotyping assays using in 

vitro transcribed (IVT) RNA analytes. The five most promising sensors (Figure 3.4a) are 

capable of distinguishing the A570D mutation observed in the alpha (B.1.1.7) variant, the 

K417N mutation observed in the beta (B.1.351) variant, the K417T mutation observed in the 

gamma (P.1) variant, the L452R mutation observed in the epsilon (B.1.427/9) and delta 

(B.1.617.2) variants, and the T547K mutation observed in the omicron (B.1.1.529) variant. 
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Another six DNAzymes (Figure S3.4) showed strong discrimination against mutations 

observed in the alpha, beta, gamma, delta, and omicron strains, indicating that these 

sensors offer an additional layer of sensitivity for future diagnostic assays. The remaining 7 

DNAzymes were unable to differentiate the wild-type and mutant analytes (Figure S3.5) at 

this time but could potentially be improved using additional chemical modifications or further 

optimization of the SNP recognition site. 

 

Figure 3.3. Sensitivity of REVEALR genotyping under competitive conditions. (a) Fluorescent signal 
generation for 15 nM of the A570D, K417N/K417T, L452R, and T547K DNA analyte after incubation for 30 min 
at 37 °C. Measurements are mean ± standard error (S.E.M), n = 3. Two tailed Student’s t test; *P < 0.05, **P 
< 0.01, ***P < 0.001, ****P < 0.0001. (b) Data are presented in 2-D plots showing wild-type and VOC detection 
across a range of concentrations. Assays were performed by separately delivering either the wild-type or VOC 
analyte to the reaction mixture. Each data point is the average of 3 replicates. 

 

In the context of a REVEALR-based detection assay, where IVT RNA is pre-amplified 

and detected in a two-step assay, the five most promising sensors were found to function 

with an analytic LoD of 10–100 aM (Figure 3.4). In each case, wild-type and VOC-specific 

DNAzymes were separately challenged with either the wild-type or mutant analyte in a 
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competitive binding format to assess the detection limit for a simulated viral target. When 

plotted in the 2-D format (Figure 3.4b), wild-type and VOC analytes show strong signal 

separation along the diagonal axis, illustrating the resolving power of the assay to clearly 

distinguish wild-type and VOC analytes. 

Clinical Validation of REVEALR Genotyping for SARS-CoV-2 Surveillance 

Surveillance testing in the United States, both nationally and locally, reveals the 

spread of SARS-CoV-2 variants of concern across the country. Beginning in January 2021, 

the country witnessed the chronological rise of five major VOCs, including the alpha (B.1.1.7), 

gamma (P.1), epsilon (B.1.427/9), delta (B.1.617.2), and omicron (B.1.1.529) strains, along 

with several other minor variants (Figure 3.5). The rapid circulation of these more harmful 

strains in the public created a need for rapid and accurate genotyping assays that could be 

deployed as an alternative to traditional sequencing methods, which are slow, costly, and 

difficult to scale to the population. As a possible solution to this problem, we evaluated our 

two-step REVEALR genotyping assay on heat-inactivated patient samples collected at the 

UCI Medical Center in Orange, California. RNA extracted from nasopharyngeal swaps 

obtained from 34 patients treated in early, mid, and late 2021 were individually assayed in 

the competitive binding format for the wild-type, alpha, beta, gamma, epsilon/delta, and 

omicron variants. The patient samples were each analyzed for activity against the set of five 

VOC sensors, with each VOC sensor competing against the wild-type sensor. In total, 170 

diagnostic assays were performed against the set of 34 clinical samples, which reflect 31 

COVID positive patients and 3 COVID negative patients (Table S3.3). All the samples were 

sequence verified, either at the UCI Medical Center or in our lab on the main campus. 
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REVEALR identified each VOC with perfect accuracy, including patients infected with the 

wild-type strain, and yielded a clear negative result for each of the three COVID negative 

swabs (Figure 3.5). Importantly, samples collected in early, mid, and late 2021 reflect the 

abundance of SARS-CoV-2 strains observed locally and nationally at that time, indicating 

that REVEALR offers a powerful new tool for population surveillance and patient diagnosis. 

This latter observation could have an important impact on options for therapeutic intervention, 

as emerging strains, such as delta and omicron, have different virulence levels that can 

affect patient treatment. 

 

 

Figure 3.3. Surveillance testing of SARS-CoV-2 in the United States and Orange County, California. 
Surveillance of SARS-CoV-2 from GISAID shows the chronological frequency of variants of concern observed 
in the United States between January 2021 and January 2022 (top plot) using a subsampled dataset with time 
points documented at 7-day increments. Pie charts depict the distribution of sequence-verified SARS-CoV-2 
variants observed in patients treated at the UCI Medical Center in Orange, California in early, mid, and late 
2021. All 31 clinical samples were positively genotyped by competitive REVEALR. Although patient samples 



 54 

27, 28, 30, and 31 yielded positive results for both the beta and omicron variants, due to a common K417N 
mutation shared between both strains, these samples were labeled omicron. This decision was based on a 
positive test for the T547K mutation, and the fact that the beta variant was not observed in the United States 
and its presence elsewhere in the world preceded the sample collection date. Each data point is the average 
of 3 replicates. Clinical samples 32–34 are negative controls obtained from healthy patients. Colors: blue, 
positive for wild-type; green, positive for VOC; yellow, clinical samples that are negative for COVID-19. 
Abbreviations: W, wild-type; A, alpha; E, epsilon; Γ, gamma; Δ, delta; and O, omicron; and n/d or -, not detected. 

3.4. Discussion 

The COVID-19 pandemic, caused by the spread of SARS-CoV-2 across the globe, 

represents the greatest threat to U.S. health and prosperity since the Great Depression. 

Controlling the spread of the disease will require the broad deployment of highly sensitive, 

low cost, and simple to use point-of-care diagnostics that are readily available for routine 

healthcare monitoring. Critical to this effort is the need to rapidly identify and triage patients 

infected with variants of concern that increase viral transmissibility and reduce vaccine 

protection. Current whole genome sequencing efforts designed to monitor epidemiological 

changes in the population are insufficient for this purpose, as this approach is used to 

provide a global picture of disease spread in local communities and across the nation. By 

contrast, the diagnosis of individual patients for a specific VOC is currently performed by 

Sanger sequencing, which is a slow and costly process that does not scale to the population. 

Here, we describe the design, optimization, and clinical validation of a two-step 

genotyping system that is capable of precisely identifying the specific VOCs infecting 

COVID-19 patients. Our technology platform, called REVEALR, is based on a 

multicomponent DNAzyme strategy in which wild-type and VOC-specific DNAzymes 

compete to recognize single-nucleotide mutations in the viral RNA of patient-derived 

nasopharyngeal swaps. Assays performed in the competition format exhibit lower 

background fluorescence and higher discriminating power across a broader range of analyte 
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concentrations than assays performed in a conventional single-reagent format. We 

demonstrated the viability of REVEALR as a rapid and highly sensitive genotyping assay for 

detecting SARS-CoV-2 variants of concern by evaluating 34 samples collected from patients 

treated at the UCI Medical Center in Orange, CA. REVEALR identified the correct viral strain 

in all 31 of the COVID positive samples and yielded a clear negative result for each of the 3 

COVID negative samples. In addition to strong positive and negative predictive capabilities, 

results obtained from the clinical validation study were consistent with local and national 

COVID-19 surveillance efforts. 

We wish to note that the epsilon and delta variants analyzed in the current study were 

distinguished based on their sample collection dates (Figure 3.5, Table S3.3), as both strains 

share a common L452R mutation for which a sensor was available. In the future, it may be 

possible to distinguish these strains using the T19R and E156G backup sensors (Figure 

S3.4), which are specific to the delta strain. Likewise, it should also be possible to distinguish 

new omicron subvariants using a hierarchical system in which an initial positive result for 

omicron is followed by a second genotyping assay to elucidate the identity of the specific 

subvariant in a patient sample (Figure S3.6). 

Although REVEALR is conceptually like known CRISPR-based approaches in terms 

of analyte detection and signal generation, the platform has several unique advantages that 

warrant consideration. These include (1) broader targetability due to the absence of 

sequence constraints imposed by the PAM motif, (2) lower background fluorescence as a 

result of the competitive binding assay, (3) lower risk of viral or bacterial contamination by 

avoiding the need for protein expression and purification, and (4) increased simplicity and 
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lower cost because the sensor is based entirely on the self-assembly of synthetic 

oligonucleotides and does not require recombinant protein or RNase inhibitors as reagents 

common to the CRISPR system. Together, these features make REVEALR an attractive 

system for SARS-CoV-2 genotyping. 

Looking ahead to the future, REVEALR could benefit from further improvements that 

lead to higher sensitivity, high specificity, greater throughput, and increased user friendliness. 

Such advances could, for example, include the transition from a fluorescent-based detection 

system to a simpler lateral flow device as well as the creation of an amplification-free 

multiplex detection platform for routine healthcare monitoring. We have previously 

demonstrated the ability for REVEALR to function in a lateral flow system for COVID 

detection1, suggesting that similar systems could be used as a diagnostic for patient 

genotyping. We could also optimize the chemistry and position of the SNP discrimination 

site in the sensor to allow for greater sensitivity of mismatch detection. Other less technical 

advances for improving signal detection may include changes to the virus inactivation 

protocol, which currently uses elevated temperatures that could damage the viral RNA 

analyte. More efficient lysis methods, such as glass bead-based ultrasonic power as applied 

to the Cepheid GeneXpert platform, could improve assay performance121. Finally, the 

incorporation of redundancy into the assay using multiple sensors per VOC would increase 

the confidence of SARS-CoV-2 genotyping. This last step could be done by utilizing backup 

sensors identified in this study, discovering new sensors, or by optimizing existing sensors 

for improved activity. 
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3.5. Conclusions 

In summary, we have shown that REVEALR is a versatile and efficient method for 

genotyping SARS-CoV-2 strains in COVID-positive patients. This strategy offers a valuable 

new approach for improving the sensitivity and specificity of single-nucleotide detection 

assays in far reaching applications that include pathogen detection, antibiotic resistance, 

genetic diseases, and cancer. Future developments could enable routine testing in hospitals, 

clinical diagnostic laboratories, and possibly even local activities involving businesses and 

schools. 

3.6. Experimental details 

SARS-CoV-2 Metadata 

SARS-CoV-2 data that track the frequencies of VOCs is available from the Global 

Initiative on Sharing All Influenza Data (GISAID) database (https://www.gisaid.org), which is 

a repository for COVID-19 genomic data. All GISAID data deposited through January 10, 

2022, was used to examine active COVID-19 VOCs specifically in the United States and 

subsampled for the timespan of January 1, 2021, through January 1, 2022, with time points 

documented about every 7 days (n=51). 

SARS-CoV-2 data that track new daily and cumulative COVID-19 cases in the United 

States originate from Worldometers (https://www.worldometers.info), which collects from 

government agencies and outlets for live reporting of statistics. Statistics for the daily new 

and growing total of COVID-19 cases were subset every 7 days from January 1, 2020, to 

January 1, 2022 (n=106).  



 58 

Materials 

DNA and LNA oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA). TwistAmp® Basic Kit was purchased from TwistDx (Maidenhead, UK). 

Solutions of dNTPs (100 mM) were purchased from ThermoFisher (Waltham, MA). T7 RNA 

polymerase and buffer, as well as M-MuLV Reverse transcriptase, were purchased from 

Lucigen Corporation (Middleton, WI). HiScribe T7 High Yield RNA Synthesis Kit was 

purchased from New England Biolabs (Ipswich, MA). GoTaq Probe 1-Step RT-qPCR 

System was purchased from Promega (Madison, WI). 

Multicomponent enzyme screening against 20 genomic positions  

Screening experiments were performed in reaction mixtures containing 50 mM Tris-

HCl (pH 8.5), 150 mM NaCl, 200 mM MgCl2, 500 nM of each Mz-A and Mz-B (split 

DNAzymes), 500 nM 7+8 FamQ RNA substrate, and 15 nM of DNA analyte comprising a 

short segment of either the wild-type or mutant variant. Reactions were performed using 

each wild-type and mutant DNAzymes targeting both the wild-type and mutant variant, 

respectively, at each position and monitored by real-time fluorescence using a qRT-PCR 

instrument at 1 min intervals over a period of 30 min at 37°C (Figure S3.2). 

LNA modifications experiments 

DNA and LNA versions of the multicomponent DNAzyme (500 nM), named Sensor 1, 

Sensor 2 and Sensor 3 (Figure 3.2a) that target the wild-type region around the A570D 

mutation observed in the alpha variant, were added to a reaction containing 50 mM Tris-HCl 

(pH 8.5), 150 mM NaCl, 200 mM MgCl2, 500 nM 6+6 FamQ RNA substrate, and defined 
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concentrations (0 – 100 nM) of DNA analyte comprising a short segment of either the wild-

type or mutant A570D variant. Reactions were monitored by real-time fluorescence using a 

qRT-PCR instrument at 1 min intervals over a period of 30 min at 25°C for Sensor 1 and 

Sensor 2 and 37°C for Sensor 3. 

Non-competitive genotyping experiments 

Reaction mixtures were prepared containing 50 mM Tris-HCl (pH 8.5), 150 mM NaCl, 

200 mM MgCl2, 500 nM LNA modified split DNAzymes (Sensor 3), 500 nM 6+6 FamQ RNA 

substrate, and defined concentrations (0 – 500 nM) of DNA analyte comprising a short 

segment of either the wild-type or mutant A570D variant. Reactions were monitored by real-

time fluorescence using a qRT-PCR instrument at 1 min intervals over a period of 30 min at 

37°C. 

Competitive genotyping experiments 

The reactions were performed as described for the non-competitive genotyping 

experiments, with the exception of the solution containing LNA modified split DNAzymes 

(Sensor 3) that target both the wild-type and mutant analyte. To distinguish the signal 

generated from the wild-type and mutant analytes, the quenched RNA substrates were 

prepared with non-overlapping fluorescent dyes. Fluorescein (FAM) was used for the wild-

type sensor and hexachlorofluorescein (HEX) was used for the mutant sensor. Additionally, 

the RNA substrates carried unique sequences that were complementary to their specific 

LNA modified split DNAzymes (Sensor 3). Reactions were monitored by real-time 

fluorescence using a qRT-PCR instrument at 1 min intervals over a period of 30 min at 37°C. 
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In vitro transcribed RNA  

RNA analytes mimicking specific mutations (K417N/T, L452R, T547K, A570D) in the 

SARS-CoV-2 genome were prepared by in vitro transcription (IVT). IVT reactions were 

performed using the HiScribe T7 High Yield RNA Synthesis Kit. Each reaction contained 10 

mM of each NTP, 1X reaction buffer, 3 μL PCR product, 2 μL T7 RNA polymerase mixture, 

and 5 μL nuclease free water. Reactions were incubated at 37°C overnight. Crude RNA was 

purified by 15% denaturing urea PAGE and electroeluted, either under 180 V for 3 h or 60 

V overnight. Purified RNA was desalted with an Amicon Ultra 0.5 mL 30k centrifugal filter 

from EMD Millipore (Burlington, MA), quantified by Nanodrop, and diluted in nuclease-free 

water to desired concentrations. 

REVEALR-based genotyping 

A lyophilized RPA pellet was resuspended with 29.5 μL rehydration buffer, 1 μL M-

MuLV-RT (200 U/μL), 0.5 μL forward primer (50 μM), 0.5 μL reverse primer (50 μM), and 

1.25 uL ATP (100 mM). A portion (13.1 μL) of the master mix was transferred to the reaction 

tube. To initiate the assay, 2 μL magnesium acetate and 4.9 μL of IVT RNA or purified RNA 

from clinical samples were added to the side of each tube, without contacting the master 

mix. After briefly vertexing to mix the magnesium acetate initiator into the reaction, and 

subsequent centrifugation, the reactions were incubated for 25 min at 42°C. The reaction 

tube was removed after the first 5 min, briefly vortexed, and returned to the heating device. 

After incubation, the reaction was inactivated by heating the reaction tube for 5 min at 95°C. 

The RT-RPA reactions were then placed on ice before T7 transcription. 
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The dsDNA produced by RT-RPA was forward transcribed into ssRNA by in vitro 

transcription. T7 transcription reactions contained 1x T7 RNA Pol Buffer, 0.5 mM NTPs, 30 

U T7 RNA polymerase, and 2 uL RT-RPA product for a 20 uL total volume. Reactions were 

incubated for 1 h at 37°C before being used for the competitive REVEALR genotyping assay. 

The competitive genotyping assay was performed as described above, except for one 

step in which the reactions were seeded with 6 uL of in vitro transcribed RNA or purified 

RNA obtained from clinical samples that was amplified by RT-RPA/T7 isothermal 

amplification instead of DNA segments. Reactions were monitored by real-time fluorescence 

using a qRT-PCR instrument at 1 min intervals over a period of 1 h at 37°C. 

Sensitivity test and data normalization 

The sensitivity test was performed with 10 fM, 1 fM, 100 aM, and 10 aM of in vitro 

transcribed wild-type and mutant RNA following the competitive REVEALR genotyping 

assay described above. Data was normalized using the no template control (NTC) FAM/HEX 

signals as the negative value, 10 fM wild-type FAM signals as FAM positive value, and 10 

fM mutant HEX signals as HEX positive value. The functions are listed as follows. 

Normalized	FAM	signal = 	
(real	FAM	signal − negative	FAM	signal)

(positive	FAM	signal − negative	FAM	signal)
 

Normalized	HEX	signal = 	
(real	HEX	signal − negative	HEX	signal)

(positive	HEX	signal − negative	HEX	signal)
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Evaluation of patient-derived clinical samples 

Nasopharyngeal swabs from 34 patients were obtained from the COVID-19 Research 

Biobank of the Experimental Tissue Shared Resource Facility at University of California, 

Irvine. Each sample was collected, and heat inactivated for 1 h at 80°C by trained medical 

professionals at the University of California Medical Center in Orange, California. The 

samples were collected from patients treated in early, mid, and late 2021 at UCI Medical 

Center. The variant types of 9 samples were identified by the hospital and the other 25 

samples were identified via Sanger sequencing. SARS-CoV 2 viral RNA samples were 

purified following the CDC recommended Qiagen DSP Viral RNA Mini kit protocol. The 

REVEALR genotyping system was used to detect the extracted RNA viral RNA using 

fluorescence readout as described above. 

Sanger sequencing 

Clinical samples were amplified using the GoTaq Probe 1-Step RT-qPCR System to 

target regions of interest. RT-PCR was performed following the manufacturers 

recommended protocol. dsDNA products were purified with an agarose gel purification step 

using 2% agarose gels. The DNA was extracted from the gel using the Monarch DNA Gel 

Extraction Kit from New England Biolabs (Ipswich, MA), and cleaned up using the DNA 

Clean and Concentrator Kit from Zymo Research (Irvine, CA). The primers used for 

amplifying each region of interest include the K417_RPA_FWD_S and RPA_L452R_RVS 

primer pair for the K417 and L452 regions and the RPA_T547K_FWD and 

RPA_A570D_RVS primer pair for the T547 and A570 regions (see Table S1). The samples 
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were then sent for Sanger sequencing, using the forward and reverse primers from the PCR 

for sequencing as well.  
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Chapter 4: 

Droplet REVEALR: amplification-free nucleic acid detection platform 

Publication Note 

This chapter is part of a manuscript in preparation. 

Contribution Statement 

Kefan Yang and John Chaput conceived the project and designed the experiments. Kefan 

Yang performed the experiments. Eric Yik and Derek Vallejo assisted in the microfluidic 

droplet experiments. John Chaput wrote the manuscript with input from all the authors.  

4.1. Abstract 

The COVID-19 pandemic, caused by spread of the SARS-CoV-2 virus across the 

globe, exposed a pressing need for new public health screening tools for pathogen detection, 

disease diagnosis, and viral genotyping. REVEALR (RNA-encoded viral nucleic acid analyte 

reporter) is an isothermal DNAzyme-based point-of-care diagnostic that functions with a 

detection limit of ~10 copies/uL when coupled to a preamplification step and facilitates the 

viral genotyping of SARS-CoV-2 variants of concern in patient-derived clinical samples. Here 

we describe an improved REVEALR platform, termed digital droplet REVEALR 

(ddREVEALR), that can achieve direct viral detection and absolute quantitation utilizing a 

signal amplification strategy that relies on DNAzyme multiplexing and volume compression. 

Using an AI-assisted image-based readout, ddREVEALR was found to achieve 95% positive 

predictive agreement from a set of 20 nasal pharyngeal swabs collected at UCI Medical 
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Center in Orange, California. We suggest that the combination of amplification-free and 

protein-free analysis makes ddREVEALR a promising approach for direct viral RNA 

detection of clinical samples. 

4.2. Introduction 

The coronavirus disease 2019 (COVID-19) pandemic caused by the spread of the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) across the globe fostered 

unprecedented growth in the development of novel methods for nucleic acid detection122. As 

of November 2022, 275 diagnostic tests have received emergency use authorization by the 

US Food and Drug Administration (FDA), the vast majority of which rely on reverse 

transcription polymerase chain reaction (RT-PCR) for analyte detection. A much smaller 

subset (~10%) utilize isothermal amplification strategies, such as loop-mediated isothermal 

amplification (LAMP)292 and recombinase polymerase amplification (RPA)19, to increase 

copy number by avoiding the thermocycling requirements of RT-PCR. However, despite 

their widespread use in FDA-approved diagnostics, amplification-based approaches 

developed for routine healthcare monitoring suffer from problems associated with non-

specific DNA amplification, elevated costs due to the need for specialized enzymes, and 

bottlenecks in product development caused by poor supply chain resilience123. These 

difficulties raise an important challenge in the field of nucleic acid biochemistry of how to 

develop a nucleic acid detection assay that can accurately quantify pathogen levels in 

patient samples independent of sample amplification.  

Recent advances in nucleic acid technologies have led to the development of a broad 

range of amplification-free approaches for pathogen detection124. Several of these methods 
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have been shown to function with analytical limits of detection (LoD) in the low attomolar 

range (10-18 M), corresponding to ~1000 copies of a viral genome/mL125. Among the various 

methods under development, CRISPR-based approaches have attracted significant 

attention due to their strong sequence-specific recognition modalities that allow for the 

precise detection of pathogen nucleic acid signatures. Such examples include a graphene 

field-effect transistor for targeted DNA detection126,127 and a multiplex strategy that is 

compatible with mobile phone microscopy128. Given the success of CRISPR-based systems 

toward the problem of amplification-free detection, we wondered if this paradigm could be 

made even simpler by establishing a protein-free approach for direct pathogen detection. 

REVEALR (RNA-encoded viral nucleic acid analyte reporter) is a rapid and highly 

sensitive DNAzyme-based point-of-care diagnostic developed for SARS-CoV-2 detection1. 

The technology is based on a multicomponent nucleic acid enzyme (Mz) that self-assembles 

in the presence of a target analyte to produce a functional DNAzyme capable of generating 

an output signal by cleaving a quenched fluorescent oligonucleotide reporter67. REVEALR 

maintains high sequence specificity through complementary Watson-Crick base pairing 

between the target binding arms of the multicomponent enzyme and viral RNA sequence, 

allowing for continuous signal amplification while the DNAzyme is bound to the single-

stranded viral RNA. When coupled to an RPA-preamplification step, REVEALR can achieve 

an analytical LoD (£20 aM, ~10 copies/µL), which comparable to the SHERLOCK and 

DETECTR systems based on CRISPR-Cas enzymology31,45. In a competitive binding assay 

format, REVEALR was shown to be capable of genotyping sequence-verified clinical 
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samples spanning the complete set of SARS-CoV-2 variants of concern circulating in the 

US in 20212.  

Here we report the conversion of our standard REVEALR assay into a digital droplet 

format, termed digital droplet REVEALR (ddREVEALR), that can achieve absolute RNA 

quantitation through single-molecule viral RNA detection in uniform water-in-oil (w/o) 

droplets (Figure 4.1). Through a combination of chemical optimization, volume compression, 

and multiplexing, ddREVEALR was found to achieve 95% positive predictive agreement 

from a set of 20 PCR-verified patient-derived nasal pharyngeal swabs collected at UCI 

Medical Center in Orange, California. Based on the simplicity of the design and use of low-

cost renewable reagents, we suggest that ddREVEALR offers a promising approach for 

personalized diagnostics. 

 
 
Figure 4.1. Amplification-free COVID-19 detection by digital droplet REVEALR. (a) Cartoon 
representation of a multicomponent DNAzyme sensor developed for SARS-CoV-2 detection. The catalytic core 
(black) self-assembles in the presence of a viral RNA analyte (green) to produce a functionally active enzyme 
that can generate an optical signal by cleaving a quenched fluorescent RNA reporter (red). (b-c) Signal 
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amplification. The optical signal produced by the DNAzyme can be increased by multiplexing (b) and volume 
compression (c). Multiplexing involves targeting the viral analyte with sets of DNAzymes that recognize 
different regions of the viral genome. Volume compression increases analyte concentration through 
microfluidic encapsulation in uniform water-in-oil droplets of defined size. (d) Workflow. Reaction mixture 
containing denatured virus and multiple DNAzymes is encapsulated in microdroplets, incubated, transferred 
to a droplet counter, and imaged. The droplet population is then digitally assessed and fit to a calibration curve. 
Abbreviations: S, substrate and P, product. 
 

4.3. Result 

Assay Design 

We envisioned developing an amplification-free assay for COVID-19 detection that 

would enable absolute quantitation of the viral genome in a digital droplet format that is 

sensitive, rapid, and affordable. As outlined in Figure 1, a small aliquot of patient-derived 

sample, reaction buffer, and DNAzyme sensors targeting different regions of the viral 

genome are encapsulated in uniform w/o microcompartments. Since the average viral load 

of patients infected with SARS-CoV-2 ranges from 80 to 752 copies per µL,96  Poisson 

distribution dictates that a large droplet population will consist of mostly unoccupied droplets, 

with a small fraction of occupied droplets containing only 1 copy of the viral genome. 

However, it should be noted that it is statistically possible for patients infected with a higher 

viral load to have a small number of droplets containing two copies of the RNA genome. 

Following incubation to facilitate target recognition and catalysis, the droplet population is 

transferred to a droplet counter and imaged by confocal microscopy. AI-assisted image 

analysis produces a droplet segmentation pattern that is used to determine positive and 

negative results based on the fluorescence signal of each droplet. Similar to digital droplet 

PCR, absolute quantitation is achieved by converting the percentage of positive droplet 

(PPD) into a precise analyte concentration based on Poisson statistics (Figure S4.1).129  
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Critical to the success of this workflow was the need to increase the LoD of our 

REVEALR assay. In bulk solution, direct detection of the SARS-CoV-2 genome requires an 

analytical LoD of 1.6 aM, which is 108-fold lower than the analytical LoD previously measured 

for a REVEALR assay performed using a modified DNAzyme sensor without sample 

preamplification.1 Assay miniaturization can be used to reduce the magnitude of this problem; 

as analyte concentration increases through the effects of volume compression when 

analytical samples are compartmentalized in microfluidic droplets, with smaller size droplets 

poising the RNA analyte at higher concentrations. As an example, droplets produced with 

an average diameter length of 12 µm increase the viral RNA concentration by 106-fold 

relative to bulk solution (Figure 4.1). In compartments of this size, the analytical LoD required 

to achieve single viral RNA genome detection is 1.6 pM, which is only ~150-fold lower than 

the LoD observed for the REVEALR assay described above.1 Based on previous 

experience,1,67 we reasoned that it may be possible to increase the sensitivity of our assay 

through optimization of the DNAzyme sensor and reagent multiplexing. However, it was 

unclear if such steps would be sufficient to enable direct viral RNA detection of patient 

samples in a digital droplet format, as single-molecule nucleic acid detection by a DNA 

enzyme has not been achieved previously. 

Assay Miniaturization and sensor optimization 

To explore the benefit of performing REVEALR-based nucleic acid detection assays in 

a digital droplet format, we compared the analytical LoD of an all-DNA version of a DNAzyme 

sensor targeting in vitro transcribed RNA encoding a region of the S-gene from the SARS-

CoV-2 genome in a bulk aqueous solution to reagents encapsulated in uniform microdroplets. 

For simplicity, this assay was performed using a commercial Bio-Rad digital droplet 
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generator and digital droplet reader designed to produce and analyze medium size droplets 

(1 nL volume, 124 µm diameter) that are stable and easy to generate from commercial 

reagents. After 1 hour of incubation at 25°C, DNAzyme 1 was observed to function with an 

analytical LoD of 5 nM in bulk solution as previously reported,1 which improved to 50 pM 

when the assay was performed in a digital droplet format (Figure S4.2). Although this result 

demonstrated the ability for volume compression to increase the sensitivity of REVEALR-

based RNA detection, it also revealed the challenges of achieving direct viral RNA detection 

as the analytical LoD of our assay was still above the limit required to permit direct pathogen 

detection. 

Substrate binding is widely viewed as the rate-limiting step of DNAzyme-mediated RNA 

strand cleavage.48 Based on our prior experience with chemically modified DNAzymes,78 we 

postulated that the sensitivity of our assay could be increased by enhancing the catalytic 

turnover of the enzyme using chemical modifications introduced at key structural positions 

along the backbone architecture of the DNAzyme scaffold. Following a systematic analysis 

of diverse chemotypes, we discovered several DNAzyme sensors with improved activity 

(Figure 4.2a, Figure S4.3) under their optimized incubation temperature (Figure S4.4), buffer 

conditions (Figure S5), and substrate design (Figure S4.6). The most active sensor, Mz-13, 

contains a black hole quencher (BHQ) at the 3' terminus of Mz-A, a locked nucleic acid (LNA) 

residue at the 5' terminus of Mz-B, a phosphorothioate linkage between residues A0 and G1 

of the catalytic loop, and a 2'-O-methoxyethylribonucleic acid (MOE) substitution for the 

standard 2'-deoxyguanosine residue at position 14 of the catalytic loop. The BHQ and LNA 

modifications enable improved contact quenching (Figure S4.7) and increased substrate 

hybridization, respectively, while modifications made to the catalytic loop are designed to 
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increase catalytic activity of the multicomponent enzyme. Compared to an all-DNA version 

of the sensor, the functionally enhanced sensor established for Mz-13 exhibits an increase 

(>4-fold) in catalytic activity (Figure 4.2b, Table S4.3), indicating that alternative chemotypes 

can significantly improve the performance of multicomponent DNA enzymes. 

Next, we attempted to increase the sensitivity of our assay using a multiplexing strategy 

that involved the application of multiple DNAzyme sensors targeting different regions of the 

viral genome (Figure 4.1). Five DNAzyme sensors (N1-N5) were designed to recognize 

different regions of the N-gene, which is a highly conserved region of the SARS-CoV-2 

genome.130 To improve the overall activity of the assay, each DNAzyme was prepared using 

the optimal chemistry developed for Mz-13 (Figure 4.2) and reactions were performed and 

analyzed in 1 nL Bio-Rad droplets as described above. After 3 hours of incubation at 34°C, 

the multiplex assay afforded ~5-fold higher signal than the average signal obtained using 

each DNAzyme sensor individually (Figure 4.2c). However, despite improvements imbued 

through the multipronged approach of chemical optimization, multiplexing, and volume 

compression, the analytical LoD of 250 fM (Figure S4.8) remained above the 1.6 fM level 

required for single RNA detection in a 1 nL droplet. This observation suggested that an 

effective single-molecule DNAzyme strategy would require smaller volume compartments.  
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Figure 4.2. Sensor optimization. (a) Comparison of original DNAzyme 1 and chemical optimized DNAzyme 
13. Chemical modifications are indicated by color and residue showed at the bottom. (b) Analyte detection. 
Quantitative analysis comparing the original all-DNA design (Dz sensor 1) to the most active design (Dz sensor 
13) (c) SARS-CoV-2 detection using DNAzyme sensors individually and collectively in a multiplex format. 
Assays were performed in Bio-Rad droplets generated from buffer containing 200 mM MgCl2, 50 mM Tris (pH 
8.5), 150 mM NaCl, 500 nM FAM-labeled RNA substrate and 500 nM DNAzyme, 100 pM of in vitro transcribed 
RNA analyte, 1X Bio-Rad ddPCR Supermix. Droplet populations were evaluated after a 1 hour incubation 
using a Bio-Rad ddPCR droplet reader. Abbreviations: 2'-O-methylribonucleic acid (2'-OMe), 2'-O-
methoxyethylribonucleic acid (MOE), locked nucleic acid (LNA), phosphonothioate (PS), and black hole 
quencher (BHQ). 
 
Digital Droplet REVEALR 

In an effort to achieve direct viral RNA detection, we turned to microdroplets produced 

in-house using a custom fluorocarbon-coated polydimethylsiloxane (PDMS) microfluidic 

device previously developed for enzyme engineering applications.131 By adjusting the flow 

rate of the aqueous component, we discovered that it was possible to generate populations 

of ~107 droplets in 6 minutes. The resulting confocal microscopy image indicates that these 

conditions allowed the PDMS device to produce uniform w/o droplets that were much smaller 

in size (average diameter: 12 µm, average volume: 1 pL) than the droplets produced using 

a commercial Bio-Rad instrument (Figure 4.3a). Simulation of analyte concentrations across 
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a range of droplet sizes (Figure 4.3b) indicates that droplets containing a single copy of the 

viral genome would have a concentration of 1.8 pM, which is ~103-fold higher than the 

concentration predicted for 1 nL size Bio-Rad droplets.  

To explore the potential for smaller size droplets to achieve direct viral RNA detection, 

we performed a time course analysis with in vitro transcribed RNA encoding a region of the 

SARS-CoV-2 genome. Reactions were performed at a fixed analyte concentration of 10 fM 

over a time period of 6 hours at 34°C. This analyte concentration is the range expected for 

a patient-derived clinical sample.96 At this analytic concentration, we would expect most of 

the occupied droplets to contain a single copy of the viral genome, with doubly occupied 

droplets present at a probability of only ~0.001% (Figure S4.9). The resulting images 

obtained by confocal microscopy reveal that the fluorescent signal plateaus after 3 hours 

(Figure 4.3c-e), indicating that 3 hours is sufficient to generate a fluorescence signal from a 

single-molecule DNAzyme-mediate detection assay. Analysis of the images by AI-assisted 

software reveals close concordance between the experimental and predicted values (~0.4% 

versus ~0.5%, respectively) for the fluorescent droplets (Table S4.2). This result implies that 

12 µm compartments should be sufficient in size to enable direct viral RNA detection of 

SARS-CoV-2 from patient-derived samples. 
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Figure 4.3. Digital droplet REVEALR in custom microfluidic droplets. (a) Droplet size distribution for 
custom in-house microfluidic droplet production. (b) Simulation of analyte concentration across a range of 
droplet sizes. (c) Digital time course analysis of SARS-CoV-2 signal generation produced from 10 fM in vitro 
transcribed RNA analyte. (d) Average positive and negative droplet signal observed after 1 to 6 hours of 
incubation at 34°C. (e) Positive drop percentage observed as a function of time. Error bars denote ± standard 
error of the mean for 3 independent replicates. Reactions were performed in droplets generated from buffer 
containing 200 mM MgCl2, 50 mM Tris (pH 9.0), 150 mM NaCl, 1 uM FAM labeled RNA substrate, 500 nM 
TAMRA labeled reference oligo, 20 nM of each multicomponent DNAzyme, 10 fM in vitro transcribed RNA 
analyte and 1X Bio-Rad ddPCR Supermix. Droplet populations were imaged by confocal microscopy with data 
analysis performed using Biodock. 
 

Sensitivity Test 

We evaluated the sensitivity of ddREVEALR by measuring the fluorescence signal of 

individual droplets produced across a range of analyte concentrations. As illustrated in 

Figure 4.4a, in vitro transcribed RNA spanning a concentration gradient of 1 to 100 fM were 

individually encapsulated in 12 µm microdroplets. After 3 hours of incubation at 34oC, 
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analyte concentration was measured by digital detection (Figure 4.4b) and the resulting 

values compared to a linear regression plot of Ct values obtained by qRT-PCR. Comparison 

of the ddREVEALR data to qRT-PCR results provides a close correlation between the 

positive droplet percentage and authentic values (Figure 4.4c), indicating that droplet 

population analysis of DNAzyme-mediated fluorescence offers a viable path for quantifying 

biological samples. In this case, we evaluated 3 randomly selected fields of view, which 

allowed us to evaluate ~10,000 droplets per sample or ~0.05% of the droplet population. 

Analysis of the no template control revealed a false positive rate of £0.01% (Figure S4.10), 

which we attribute to either degradation of the RNA fluorophore or imperfect oligonucleotide 

synthesis. Using this approach, the current limit of detection is ~1 fM (Figure 4.4c), which 

corresponds to ~5 positive droplet observed within a 10,000-droplet population (Table S4.2). 
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Figure 4.4. Sensitivity of digital droplet REVEALR. (a) Illustration of droplet signal across a gradient of 
analyte concentrations. (b) Images of digital droplets collected after 3 hours of incubation. (c) Calibration curve 
defining analyte concentration as a function of positive droplets. Red dots indicate positive percent values. The 
dashed line is a linear fit of experimental data. Error bars denote ± standard deviation of the mean for 2 
independent replicates. Reactions were performed in droplets generated from buffer containing 200 mM MgCl2, 
50 mM Tris (pH 9.0), 150 mM NaCl, 1 uM FAM labeled RNA substrate, 500 nM TAMRA labeled reference 
oligo, 20 nM of each DNAzyme, in vitro transcribed RNA analyte and 1X Bio-Rad ddPCR Supermix. Droplet 
populations were evaluated after 3 hours of incubation at 34°C by confocal microscopy with data analysis 
performed using Biodock. 
 
Clinical Validation 

To establish ddREVEALR as an amplification-free diagnostic for COVID-19 detection, 

we evaluated 20 patient-derived nasal pharyngeal samples collected at UCI Medical Center 

in Orange, California. The samples consisted of 18 PCR positive patients and 2 PCR 

negative patients, which were placed in viral transfer media (VTM) and autoclaved to inactive 

the virus prior to receipt. After receipt, the RNA was purified and directly evaluated by 

ddREVEALR and qRT-PCR. The PCR positive samples were selected to display a range of 
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viral loads, as measured by qRT-PCR (Ct values of 17 - 35). ddREVEALR analysis positively 

confirmed 19 of the 20 samples following overnight incubation at 34°C. However, sample 

#18, with a Ct value of 35 (low aM concentration of SARS-CoV-2 RNA) was misread as a 

COVID negative sample due to the low concentration of the viral RNA present in this sample. 

Currently, our image-based readout system is evaluating ~0.05% of the droplets, which 

limits the testing capability for ultralow concentration of samples. It could be enhanced in 

future using a flow-based readout for higher droplet testing fraction. Nevertheless, this false 

positive value places the current limit of detection at 3.7 fM, which is equivalent to a Ct value 

of ~25.4 and within typical the range of clinical samples. 

 
Figure 4.5. Clinical validation of patient derived samples. (a) Test results for 20 clinical samples of nasal 
pharyngeal swabs collected from COVID-19 patients treated at UCI Medical Center in Orange, California. (b) 
Linear relationship of Ct values obtained from qRT-PCR and viral RNA concentration measured by digital 
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droplet REVEALR. Error bars denote ± standard deviation of the mean for 2 independent replicates. Reactions 
were performed in droplets generated from buffer containing 200 mM MgCl2, 50 mM Tris (pH 9.0), 150 mM 
NaCl, 1 uM FAM labeled RNA substrate, 500 nM TAMRA labeled reference oligo, 20 nM of each DNAzyme, 1 
uL of purified clinical sample and 1X Bio-Rad ddPCR Supermix. Droplet populations were evaluated after 18 
hours of incubation at 34°C by confocal microscopy with data analysis performed using Biodock. 
 

4.4. Discussion and conclusion 

The COVID-19 pandemic catalyzed unprecedented growth in the development of new 

analytical techniques for pathogen detection. In the area of nucleic acid detection, 

specifically, isothermal amplification strategies have emerged as rapid and inexpensive 

alternatives to quantitative RT-PCR, which remains the gold standard for SARS-CoV-2 

detection. When coupled to sequence-specific detection modalities, such as those found in 

CRISPR-Cas enzymes, these systems offer sensitive and highly accurate platforms for viral 

RNA detection. Similar detections routes can also be achieved using DNAzyme constructs 

that have been engineered into point-of-care diagnostics by introducing an analyte 

recognition domain into the scaffold. However, despite their many benefits, amplification-

based approaches are cumbersome due to the need for a sample pre-amplification step that 

places an additional burden of time and cost on the assay. They can also suffer from 

background problems due to nonspecific DNA amplification.   

 The current study demonstrates the feasibility of using DNAzymes to directly quantify 

viral RNA levels in patient-derived clinical samples. The resulting platform, termed digital 

droplet REVEALR (ddREVEALR), was found to achieve 95% positive predictive agreement 

from a set of 20 nasal pharyngeal swabs collected at UCI Medical Center in Orange, 

California. The sensitivity of the assay was greatly improved through a systematic 

optimization process that involved the use of chemical modifications that increased the 

catalytic activity of the DNAzyme, reagent multiplexing to improve signal amplification, and 
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volume compression to increase the local concentration of the viral analyte. Additionally, 

sample analysis was aided by the use of an AI-assisted image-based readout system that 

allowed for absolute quantitation of patient-derived clinical samples. The software assisted 

an efficient binary analysis of the droplet population, yielding a strong linear correlation to Ct 

values measured by qRT-PCR.   

ddREVEALR has several advantages relative to other previously reported DNAzyme-

based amplification-free nucleic acid strategies. In their original description, DNAzymes 

were shown to achieve picomolar level detection of a nucleic acid target.67 Subsequent 

optimizations have improved the sensitivity of the assay to sub-picomolar levels using 

cascade designs,132 cationic copolymers,68 nucleic acids modifications,80 and microwells.56 

However, to the best of our knowledge, this current study represents the first example of 

viral RNA quantification in a digital droplet formal using DNAzyme-based optical sensor. 

Since analyte quantification by digital droplet methods was previously established by protein 

enzymes through PCR amplification, this work demonstrates the ability for nucleic acid 

enzymes to compete with protein enzymes in similar biological assays.129   

ddREVEALR compares favorably to related CRISPR-based approaches for 

amplification-free viral RNA detection. Unlike CRISPR, which relies on RNA and protein-

based reagents that are temperature sensitive and must be stored and transported at low 

temperatures,133 ddREVEALR is a DNA-based protein-free system (Figure S4.11) that is 

stable at room temperature, therefore avoiding the costly expense of the cold-chain problem. 

The DNA components of ddREVEALR are also easier and cheaper to produce as the they 

can be made by chemical synthesis rather than cellular protein expression and purification. 

This property allows for higher purity and greater scalability of the reagents, as cellular 
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processes are difficult to scale and can be prone to unwanted viral or bacterial contamination. 

Finally, the catalytic mechanism of the ddREVEALR system allows for greater targetability 

of the viral genome, as the targetability of CRISPR-based system is restricted by the 

protospacer adjacent motif (PAM) for Cas9 and Cas12 or protospacer flanking site (PFS) for 

Cas13. 

Looking ahead to the future, the ddREVEALR system could benefit from a new 

generation of DNAzyme sensors, better signal readout methods, and possible cascade 

designs. The performance of the DNAzyme biosensor could be further improved through the 

use of new chemical modifications that allow for better substrate targeting or increased 

catalytic activity. More preferred substrate cleaving motif, or even new DNAzyme containing 

different catalytic domain that have higher cleavage rate could also enhance the 

performance. The ddREVEALR platform itself could be further improved by changing the 

system from its current image-based readout format to flow-based system that is more 

similar to ddPCR (Figure S4.12). It could increase the fraction of droplet tested to near 100%, 

which could lead to more accurate result for low concentration samples. Finally, the 

incorporation of other signal amplification strategies like hybridization chain reaction (HCR), 

catalytic hairpin assembly (CHA) into cascade detection could also potentially boost the 

detection efficiency and signal intensity. 
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4.5. Experimental details 

Materials 

All the oligonucleotides were purchased from Integrated DNA Technologies 

(Coralville, IA). ddPCR Supermix for Probes (No dUTP) was purchased from Bio-Rad 

(Hercules, CA). Poly(dimethyl) siloxane (PDMS) base and curing agent was purchased from 

Dow Corning (Midland, MI). Fluorinated oil HFE-7500 was purchased from 3M Novec (St 

Paul, MN), and Pico-SurfTM surfactant, Pico-GlideTM, and Pico-BreakTM were all 

purchased from Dolomite Microfluidics (UK). Proteinase K and HiScribe T7 High Yield RNA 

Synthesis Kit was purchased from New England Biolabs (Ipswich, MA). GoTaq Probe 1-

Step RT-qPCR System was purchased from Promega (Madison, WI), the cell counting 

chamber slides were purchased from Invitrogen (Waltham, MA). 

DNAzyme modifications experiments 

Modified versions of the multicomponent DNAzyme (500 nM) were added to a 

reaction containing 2X ddPCR Supermix for probe, 50 mM Tris-HCl (pH 8.5), 150 mM NaCl, 

200 mM MgCl2, 500 nM 6+6 FamQ RNA substrate, and 100 pM of IVT RNA analyte. 

Reactions were monitored by end-point fluorescence using a Bio-Rad ddPCR instrument 

after incubation under the optimized temperature of the DNAzyme (Figure 2b) for 1 hour. 

The catalytic enhancement was calculated from the cleavage percentage and compared to 

the fold-change value. 

Cleavage(x) = 	
FAM	(x) − FAM	(NTC)
FAM	(Pos) − FAM	(NTC) 	× 100% 
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Fold	change = 	
Cleavage(x)

Cleavage(control) 

Where FAM means FAM fluorescence signal, x means the tested DNAzyme, control means 

DNAzyme 1 that is composed of DNA only. Pos means the reaction with DNAzyme 1 and 

500 nM and IVT RNA analyte, and NTC means the reaction with DNAzyme 1 and no IVT 

RNA analyte. 

Comparison of singleplex reaction and multiplex reaction 

The reactions were compared with 50 mM Tris-HCl (pH 9.0), 150 mM NaCl, 200 mM 

MgCl2, 1 uM 6+6 FamQ RNA substrate, 1X ddPCR Supermix for probe, and 10 pM IVT 

RNA analyte. All sensors (N1, N2, N3, N4, N5) were modified using design No.13 from 

Figure 2. IVT RNA was used as the input analyte. All data were collected through Bio-Rad 

ddPCR instrument, with 3 hours of incubation at 34°C. Background was subtracted to the 

average signal intensity of sample with 1 uL of water instead of analyte. 

In vitro transcribed RNA  

RNA analytes in the SARS-CoV-2 genome were prepared by in vitro transcription 

(IVT). IVT reactions were performed using the HiScribe T7 High Yield RNA Synthesis Kit. 

Each reaction contained 10 mM of each NTP, 1X reaction buffer, 3 μL PCR product, 2 μL 

T7 RNA polymerase mixture, and 5 μL nuclease-free water. Reactions were incubated at 

37°C overnight. Crude RNA was purified by 15% denaturing urea PAGE and electroeluted, 

either under 180 V for 3 h or 60 V overnight. Purified RNA was desalted with an Amicon 

Ultra 0.5 mL 30k centrifugal filter from EMD Millipore (Burlington, MA), quantified by 

Nanodrop, and diluted in nuclease-free water to desired concentrations. 
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Droplet generation 

Droplets were generated using custom PDMS chips described previously131,134. 20 

uL of the reaction mixture (described below) was pushed into the microfluidic device via 

positive air pressure. The aqueous was sheared by a low-viscosity fluorinated oil (HFE-7500, 

3M Movec) containing 1%(w/w) Pico-Surf surfactant (Dolomite Microfluidics, UK). Under 

constant inlet pressure, 10-15 um droplets were generated with production rates of 30-35 

kHz. Each sample takes 6-7 min to complete. Droplets were collected under a layer of 

mineral oil in a 1.5 mL tube. 

Droplet imaging 

The prepared droplets were diluted and loaded onto a cell counting chamber slide 

(Invitrogen, Waltham, MA) and imaged using a confocal microscope (Stellaris 8, Leica) to 

record bright field and fluorescence signals (FAM and TAMRA). The TAMRA channel was 

used for adjusting the focus and normalizing the size of the droplets. A 10X magnification 

objective lens was used to image a 2048 X 2048 um2 area and 16 repeats for each scanning 

line. 

Size distribution analysis 

Three randomly chosen images were used for droplet size analysis. ImageJ software 

(https://imagej.nih.gov/ij/) was used to measure the area of each droplet with the TAMRA 

channel. Gaussian fitting was done through Excel to confirm the distribution of the droplet 

size. 
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Droplet quantification 

The fluorescence signals of droplets were captured and analyzed using Biodock 

(https://www.biodock.ai/). AI cell segmentation pipeline was used where the TAMRA 

channel was set as the nuclear channel, 0 pixels to grow from the nucleus, and 5 average 

nuclear diameters (pixels). Then, the result was analyzed by setting the TAMRA signal as 

the X-axis, FAM signal as the Y-axis. After overlying the experimental groups with the NTC 

group, the negative droplets and positive droplets could be classified and counted based on 

their locations of the 2-D plot. Each droplet was represented by the FAM signal/TAMRA 

signal to normalize the influence of droplet size. The percentage of positive droplet (PPD) 

was calculated by the number of positive droplets over the total number of droplets. 

Time course 

The time course experiments were performed with 10 fM of IVT RNA, 50 mM Tris-

HCl (pH 8.5), 150 mM NaCl, 200 mM MgCl2, 500 nM 6+6 FamQ RNA substrate, 2X ddPCR 

Supermix for probe, and 500 nM TAMRA reference. After droplet generation, the samples 

were incubated at 34°C for 6 hours, and a small portion of samples was taken out for imaging 

every 1 hour.  

Calculation of the local concentration in droplets 

Droplet volume (V) could be calculated based on the diameter (D), 

𝑉 =
1
6πD

( 

The local concentration of the analyte inside the droplet could be calculated by 

𝑐 = −
ln	(1 − 𝑃𝑃𝐷)

𝑉  
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Where c is the average concentration with the unit of copy / uL and PPD is the percentage 

of positive droplet. 

When the PPD is needed with known analyte concentration, the function is as follows: 

𝑃𝑃𝐷 = (1 − exp(−𝑐 × 𝑉)) × 100% 

 

Sensitivity test and calibration curve  

The sensitivity test was performed with gradient concentration of in vitro transcribed 

RNA (1 fM, 5 fM, 10 fM, 50 fM and 100 fM), 50 mM Tris-HCl (pH 9.0), 150 mM NaCl, 200 

mM MgCl2, 500 nM 6+6 FamQ RNA substrate, 1X ddPCR Supermix for probe, 500 nM 

TAMRA reference and 20 nM of each modified multicomponent DNAzyme shown in Figure 

2 following the droplet generation steps. The collected sample was incubated under 34°C 

for 3 hours before imaging. The proportion of positive droplets (PPD) was calculated and 

plotted against the concentration of IVT RNA. Error bars came from 3 replicates. 

 

Evaluation of patient-derived clinical samples 

Nasopharyngeal swabs from 20 patients were obtained from the COVID-19 Research 

Biobank of the Experimental Tissue Shared Resource Facility at the University of California, 

Irvine. Each sample was collected and heat-inactivated for 1 h at 80°C by trained medical 

professionals at the University of California Medical Center in Orange, California. SARS-

CoV-2 viral RNA samples were purified following the CDC-recommended Qiagen DSP Viral 

RNA Mini kit protocol. The Ct value of each clinical sample was double-checked with 1 uL 

of the purified sample using the GoTaq Probe 1-Step RT-qPCR kit (Promega, WA). Then 1 
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uL of the purified sample was loaded in the ddREVEALR system for detection and 

quantification. The protocol is the same as described above except incubating at 30°C for 

overnight for better quantification. 

Proteinase K validation 

The proteinase K validation experiment was performed with 100 fM of IVT RNA, 50 

mM Tris-HCl (pH 9.0), 150 mM NaCl, 200 mM MgCl2, 500 nM 6+6 FamQ RNA substrate, 

1X ddPCR Supermix for probe, 500 nM TAMRA and 20 nM of each modified multicomponent 

DNAzyme shown in Figure 2c. Also, 0.8 U of Proteinase K was added to the test group. The 

control group added 1 uL DI water instead. Then incubate at 34°C for 3 hours before imaging. 

False-positive rate screening 

The background screening experiment was performed with 50 mM Tris-HCl (pH 9.0), 

150 mM NaCl, 200 mM MgCl2, 500 nM 6+6 FamQ RNA substrate, 1X ddPCR Supermix for 

probe, 500 nM TAMRA and 20 nM of each modified multicomponent DNAzyme shown in 

Figure 2c. For No Mz group, no multicomponent DNAzyme was added. Then incubate at 

34°C for 4 hours before imaging. 10 images were randomly taken for each sample. Data 

was analyzed using the Biodock platform. 

Poisson distribution 

When encapsulating analytes into microfluidic droplets, the probability of a droplet 

containing given amount of analyte (e.g., 0, 1, 2 …) can be estimated using a Poisson 

distribution 
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𝑷(𝑿 = 𝒌) =
𝒍𝒌

𝒌! 𝒆
#𝒍 

Where k is the number of analytes in each droplet, and l is the average number of analytes 

per droplet.  
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CHAPTER 5: 

Conclusion and discussion 

 

Here we described the assay development process for the multicomponent 

DNAzyme biosensor-based nucleic acid detection for SARS-CoV-2. Through a series of 

publications, we have advanced this work from a simple COVID detection assay to a 

genotyping strategy and eventually to a digital droplet amplification-free system using a 

microscope. In this chapter, I will continue to discuss other potentials of the REVEALR 

system, make a comparison with its key competitor, CRISPR diagnostic systems, and give 

some insights into the future directions of the multicomponent DNAzyme biosensor. 

5.1. Alternatives for the REVEALR platform 

LAMP-based REVEALR system 

The REVEALR system was originally established with RPA, which is rapid, 

ultrasensitive, and durable to couple with the MNAzyme system. As an alternative, Loop-

mediated isothermal amplification (LAMP) is another popular isothermal amplification that 

can amplify DNA/RNA rapidly with high sensitivity and specificity. The target is amplified with 

a constant temperature of ~65°C using 4 or 6 primers and the Bst polymerase which has 

high strand displacement activity. The final products of LAMP are a mixture of cauliflower-

like structures with multiple loops and concatemers of the DNA with various stem lengths. 

The products of LAMP may be classified into four categories: single-loop (SL) 

amplicon, terminated (T) amplicon, single-stranded (SS) amplicon, and partially double-
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stranded (PDS) amplicons (Figure 5.1).135 Among all of them, SS and PDS products contain 

the single-strand domain that could trigger our multicomponent DNAzyme system for signal 

amplification. 

 

Figure 5.1. Classification of LAMP amplicons into four categories. (A) Single loop amplicon (SL), (B) 
Terminated amplicon (T), (C) Single-stranded amplicon (SS), and (D) Partially double-stranded amplicon 
(PDS). This figure was adapted from Kaur, N.; Thota, N.; Toley, B. J. Comput Struct Biotechnol J 2020, 18, 
2336–2346135. This is an open-access article distributed under the terms of the Creative Commons CC-BY 
license from Elsevier. 

The amplified LAMP products could be detected by several methods,136 including 

intercalating dsDNA binding dyes, turbidity measurement, gel electrophoresis, lateral flow 

assays, CRISPR-based assays, etc. Among all these methods, most methods (intercalating 

dyes, turbidity, gel electrophoresis, lateral flow assays) are non-sequence specific. Because 

one of the biggest challenges of LAMP is non-specific amplification137, these methods take 

the risk of false positive results. To solve this issue, there are a few sequences specific 

assays including DARQ probe-based detection138 and CRISPR-based detection8. DARQ 

has sequence-specific detection for one of the forward inner primers (FIP), still containing 

the risk of primer-dimer non-specific amplification. CRISPR-based sequence-specific 

methods showed great potential in utilizing the dsDNA recognition property of the Cas12 

enzyme.  



 90 

Here we proposed the second version of RNA-encoded viral nucleic acid analyte 

reporter (REVEALR v2) detection that could achieve viral RNA detection with attomolar 

sensitivity utilizing LAMP and multicomponent DNAzyme detection system (Figure 5.2).  

 

 

Figure 5.2. Overview of LAMP-based REVEALR v2 detection system. Schematic overview of the detection 
assay. The SARS-CoV-2 region of interest is isothermally amplified by RT-LAMP. Then multicomponent X10-
23 Pro assembly on the ssDNA portion of LAMP products, leading to the cleavage of a quenched fluorescent 
reporter for fluorescence detection or a biotin-labeled fluorescent RNA for lateral flow detection. 

The REVEALR v2 is the 2nd version of the REVEALR system and has the following 

improvements. First, REVEALR v2 uses fewer enzymes thus resulting in lower cost for each 

test.139 Second, this system is going to explore a one-pot approach that could simplify the 

operation process and prevent cross contaminations. Third, by using a one-pot approach, 

REVEALR v2 can potentially minimize the whole detection step from ~1 hour to ~30 min, 

which is very important to rapid nucleic acid detection. 

Also, REVEALR v2 has the following novelties. As far as I am aware, it’s the first 

proposed approach to combine a multicomponent DNAzyme system with LAMP for 

sequence-specific detection. Overall, REVEALR v2 would be able to set up a great example 

for rapid, sensitive nucleic acid detection. 

 As a proof-of-concept, the LAMP reaction is combined with a multicomponent 

DNAzyme (MNAzyme) detection system for the first time. To utilize the ssDNA region of the 
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LAMP product, MNAzyme was designed complementary to the ssDNA region between B1 

to F1c. After 30 min RT-LAMP reaction, 1 uL of the product was transferred into the 

MNAzyme detection system and the fluorescent signal was recorded using a plate reader 

under 25°C (Figure 5.3). The result showed that the sample containing the LAMP template 

could give a distinguishable signal compared with the NTC group. Thus, REVEALR v2 

system is validated to be possible for sequence-specific nucleic acid detection.  

Using synthetic in vitro-transcribed (IVT) SARS-CoV-2 RNA gene targets in nuclease-

free water, we demonstrated that the LAMP-based multicomponent XNAzyme detection 

system has the attomolar level of sensitivity. This detection is targeting on S gene fragment 

and RT-LAMP step at 65°C for 30 min and multicomponent XNAzyme detection is initiated 

by adding DNAzyme oligos and extra salts into each tube and signals would be 

distinguishable after incubating at 25°C for 10 min. The SARS-CoV 2 REVEALR v2 assay 

is considered positive if there is a significantly higher fluorescent signal compared with the 

NTC group or if it shows a fluorescent signal under UV light by naked eye visualization. RT-

LAMP could also be visualized by gel electrophoresis which showed consistent results with 

the REVEALR v2 system (Figure 5.3). 

One of the biggest challenges for LAMP reaction is non-specific amplification. The 

potential reasons include multimerization140 and ab initio DNA synthesis.137 Once this 

happened, it will give false positive signals if using intercalating dye or turbidity-based LAMP 

detection. since REVEALR v2 is a sequence-specific nucleic acid detection method, even if 

the non-specific amplification happened, REVEALR v2 detection system could still 
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recognize the true positive samples and give a distinguishable fluorescent signal.

 

Figure 5.3. Preliminary data for LAMP-based REVEALR detection system. (a) Agarose gel electrophoresis 
data of sensitivity test with WarmStart LAMP kit with 30 min incubation time. LAMP reaction was set up with 
1x NEB WarmStart LAMP mastermix, 1x LAMP primer mix for SARS-CoV-2 N gene, and 10 uL gradient 
concentration of in vitro transcribed RNA. The reaction mixture was incubated at 65°C for 30 min and 95°C for 
5 min. (b) Florescent signal of MNAzyme detection with LAMP product. Reactions were performed in buffer 
containing 50 mM MgCl2, 50 mM Tris (pH 8.5), 150 mM NaCl, 500 nM FAM-labeled RNA substrate, and 500 
nM DNAzyme, 2 uL of LAMP product, n = 3. After incubation at 25°C for 30 min, signals were obtained through 
the QuantStudio™ 6 Flex Real-Time PCR System. Error bars represent the standard error of the mean (SEM). 
Two-tailed Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.  
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5.2. Comparison of REVEALR and CRISPR diagnostic systems 

In comparison with the CRISPR diagnostic systems, like SHERLOCK, DNA 

endonuclease targeted CRISPR trans reporter (DETECTR), etc, our REVEALR system has 

the following similarities. Both MNAzyme biosensor systems and the CRISPR diagnostic 

systems could be coupled with major amplification methods like PCR, LAMP, and RPA to 

achieve a low aM level of RNA detection. Both systems could cleave a fluorescent-labeled 

reporter and give an optical signal or lateral flow signal. 

On the other hand, there exist several differences. First, our biosensor is composed 

of RNA-cleaving deoxyribozyme (DNAzyme) oligos whereas the CRISPR diagnostic 

systems utilize Cas proteins. The proteins need to be expressed, harvested, and purified 

whereas the DNAzyme oligos are usually made by solid phase synthesis. In this regard, the 

DNAzyme sensor could be cheaper, more stable, and more approachable.  

Second, the mechanism of these two biosensor systems is different. The major 

CRISPR diagnostic systems are based on the collateral effect of Cas 12 or Cas 13 proteins 

whereas the multicomponent DNAzyme is based on the general acid-based mechanism141. 

Deriving from this, the optimizations of the CRISPR system may come from protein 

screening or engineering to obtain better variants whereas the optimizations of the 

MNAzyme system could come from the nucleic acid modifications of the DNAzyme binding 

arms and catalytic core. 

Third, the analyte recognition mechanism and role are also different. On the one hand, 

the CRISPR system needs the assistance of crRNA and is restricted by specific sequences 
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like PAM for Cas9 and Cas12 or protospacer flanking site (PFS) for Cas13 whereas the 

analyte recognition for the MNAzyme system is based on Watson–Crick base pairing which 

does not have too many restrictions. Thus, MNAzyme has more targetable regions. On the 

other hand, the CRISPR system could target both ssRNA and dsDNA whereas MNAzyme 

could only recognize ssDNA or ssRNA, which makes it require an extra conversion step for 

signal readout. Some tools like peptide nucleic acid (PNA) clamp142 might be able to fill this 

gap and recognize dsDNA amplicon with an MNAzyme sensor. 

Last but not the least, since the CRISPR diagnostic systems are much more well-

studied, many features could potentially be applied to MNAzyme-based detection systems. 

First, the CRISPR systems achieved a one-pot reaction by using special separation32,35, 

microfluidic device,36 or additional reagent like glycerol 37 which could be potentially applied 

to the REVEALR system for more practical POCT or OTC applications. Second, some 

readout methods like naked eye visualization under blue light-emitting diode (LED) light are 

durable for the REVEALR system for portable detection in the future.  
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Table 5.1. Comparison of REVEALR with CRISPR diagnostic systems. 

Categories 
CRISPR diagnostic MNAzyme 

(REVEALR) Cas13 Cas12 Cas9 

Biosensor compound protein protein protein oligo 

Assistant compound crRNA crRNA crRNA / 

Mechanism collateral effect collateral effect nuclease RNA-cleaving 
DNAzyme 

Major NAATs RPA/LAMP RPA/LAMP PCR/RPA RPA/LAMP 
Target ssRNA ssDNA/dsDNA dsDNA ssDNA/ssRNA 

Sensitivity 
Biosensor only high fM nM to pM fM nM to pM 
Biosensor with 

NAAT low aM low aM aM low aM 

Target restriction PFS PAM PAM / 

one-pot vs. two-pots 1 or 2 1 or 2 2 2 

Signal readout F/L F/L/NE F/L/E F/L 
Note: F: Fluorescence, L: Lateral flow, NE: naked eye visualization, E: electrochemical. 
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5.3. Future directions 

For NAAT based REVEALR system, there are three potential directions. The first 

direction is to simplify the liquid handling steps from a 1-pot reaction to a 2-pots reaction. 

Professor Alison V. Todd and her SpeeDx company coupled MNAzyme with PCR and give 

a great example of how to use it as a sequence-specific probe in a one-pot format with an 

automatic liquid handling instrument for high-throughput testing. Our current REVEALR 

system used isothermal amplifications like RPA and LAMP showing the possibility of using 

MNAzyme for POCT or OTC purposes. However, the current system used a 2-pots protocol. 

Optimizing the REVEALR system towards a 1-pot is critical to minimize the potential 

contaminations through liquid handling and make it more convenient for the customer. More 

importantly, it could show the capability of MNAzyme as a general sequence-specific probe 

for isothermal amplification methods, like the relationship between the TaqMan probe and 

qPCR. The 2nd direction would be potentially combined with some strategies like PNA clamp 

for dsDNA recognition. As indicated in Chapter 2, the RPA-based REVEALR system 

requires the conversion of dsDNA amplicon into ssRNA analyte through T7 transcription. 

With the PNA clamp, we could potentially get rid of this step and apply this probe to broader 

isothermal amplification methods where most of their amplicons are dsDNA. The 3rd 

direction would be extending the readout methods from florescence and lateral flow to the 

electrochemical readout. Just like Lucira Health and Cue Health, they worked on LAMP-

based assay and simultaneously moved towards electrochemical-based product because it 

could be used multiple times, had high consistency, and was sensitive. 
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The ddREVEALR system described in Chapter 4 gives a great example of using 

MNAzyme for single molecule detection and shows the advantages of using chemical 

modifications to boost the sensitivity of the DNAzyme biosensor. However, there are several 

limitations: 1) current ddREVEALR system requires at least 3 hours to achieve digital 

detection, which doesn’t fulfill the requirement of practical nucleic acid detection. 2) The 

signal-to-noise ratio of the system is not high enough which might lead to a false positive. 3) 

The current image-based readout methods could only scan 0.05% of the droplets for each 

sample, which gives a low fM to sub fM level of sensitivity. To address issues 1 and 2, we 

could 1) further enhance the cleavage activity by using better chemical modifications. 2) 

Couple with some signal amplifications like CHA, HCR, or cascade biosensor designs. 3) 

Couple with some NAAT like RPA, and LAMP for more rapid and practical tests. To address 

issue 3, flow-based readout has the potential to screen 100% droplets within a short time, 

which is like the Bio-Rad ddPCR system. 

For the MNAzyme as a biosensor (Figure 5.4), it serves as a promising biorecognition 

element143. Compared with direct probe capturing-based nucleic acid detection methods, 

MNAzyme gives another layer of signal amplification thus could lead to better sensitivity and 

specificity. On the other hand, the sensitivity of the diagnostic detection platform not only 

depends on the bio transducer portions but also depends on the signal readout methods.  
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Figure 5.3. Categories of MNAzyme biosensors. 
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APPENDIX A: Supplementary Tables 

Supplementary Table 2.1. List of Oligonucleotides 

Name                        Sequence 5'-3' 
FluA_fragment GGCCATGGTGTCTAGGGCCCGGATTGATGCCAGAATTGACTTCGAG

TCTGGAAGGATTAAGAAGGAAGAGTTCTCTGAGATCATGAAGATCTG
TTCCACCATTGAAGAACTCAGACGGCAAAAATA 

MERS_fragment ATTGTTACACAATTCGCGCCCGGTACTAAGCTTCCTAAAAACTTCCA
CATTGAGGGGACTGGAGGCAATAGTCAATCATCTTCAAGAGCCTCTA
GCTTAA 

Rhinovirus_fragment GTGTGCTCACTTTGAGTCCTCCGGCCCCTGAATGCGGCTAACCTTA
AACCTGCAGCCATGGCTCATAAGCCAATGAGTTTATGGTCGTAACGA
GTAATTGCGGGATGGGACC 

SARS-CoV-1_fragment CCAGCTGGTGGTGCGCTTATAGCTAGGTGTTGGTACCTTCATGAAG
GCTCAACCAAACTGCTGCATTTAGAGACGTACTTGTTGTTTTAAATAA 

SARS-CoV-2_fragment AGGTTTCAAACTTTACTTGCTTTACATAGAAGTTATTTGACTCCTGGT
GATTCTTCTTCAGGTTGGACAGCTGGTGCTGCAGCTTATTATGTGGG
TTATCTTCAACCTAGGA 

Rhinovirus_RPA_FWD GAAATTAATACGACTCACTATAGGGGTGTGCTCACTTTGAGTCCTCC
GGCCCCTG 

Rhinovirus_RPA_RVS GGTCCCATCCCGCAATTACTCGTTACGACC 
MERS_FWD GAAATTAATACGACTCACTATAGGGATTGTTACACAATTCGCGCCCG

GTACTAAG 
MERS_RVS TTAAGCTAGAGGCTCTTGAAGATGATTGAC 
SARS_FWD GAAATTAATACGACTCACTATAGGGCCAGCTGGTGGTGCGCTTATAG

CTAGGTGT 
SARS_RVS TTATTTAAAACAACAAGTACGTCTCTAAAT 
FluA_FWD GAAATTAATACGACTCACTATAGGGGGCCATGGTGTCTAGGGCCCG

GATTGATGC 
FluA_RVS TATTTTTGCCGTCTGAGTTCTTCAATGGTG 
SARS-CoV-2-S-RPA-Forward GAAATTAATACGACTCACTATAGGGAGGTTTCAAACTTTACTTGCTTT

ACATAGA 
SARS-CoV-2-S-RPA-Reverse TCCTAGGTTGAAGATAACCCACATAATAAG 
SARS-CoV_2_Sgene_mid AGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAGCTGGTGC

TGCAG 
S-RPA-Mz_A_66sub_20 CACCAGCTGTCCAACCTGAAACAACGAGGTTAG 
S-RPA-Mz_B_66sub_20 TCATGAGGCTAGCTGAAGAATCACCAGGAGTCAA 
S-RPA-Mz_A_X10-23 CACCAGCTGTCCAACCTGAAACAACGAfGfGfUfUfAfG 
S-RPA-Mz_B_X10-23 fUfCfAfUfGfAGfGCTAGCfUGAAGAATCACCAGGAGTCAA 
S-RPA-Mz_A_X10-23_Pro fCfAfCfCfAfGfCfUfGfUfCfCfAfAfCfCfUfGfAfAACAACGAfGfGfUfUfAfG 
S-RPA-Mz_B_X10-23_Pro fUfCfAfUfGfAGfGCTAGCfUfGfAfAfGfAfAfUfCfAfCfCfAfGfGfAfGfUfCfAfA 
FBiotin_RNA_substrate /56FAM/rCrUrArArCrCrGrUrCrArUrGrA/Bio/ 
FQ RNA substrate /56FAM/rCrUrArArCrCrGrUrCrArUrGrA/3IBkFQ/ 
Cy5 RNA substrate /5Cy5/rCrUrArArCrCrGrUrCrArUrGrA 
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Supplementary Table 3.1. List of oligonucleotides 

Name                               Sequence 5'-3' 

RNA Substrates  
FamQ-RNA-sub_6+6 /56-FAM/CUAACCGUCAUGA/3IABkFQ/ 
HexQ-RNA-sub-6+6 /5HEX/UUCCUCGUCCCUG/3BHQ_1/ 
FamQ-RNA-sub-7+8 /56FAM/CUUUCCUCGUCCCUGG/3IABkFQ/ 
T19R   
T19R_WT_analyte TCTTACAACCAGAACTCAATTACCCCCTGC 
T19R_MT_analyte TCTTAGAACCAGAACTCAATTACCCCCTGC 
Mz-A_T19R-7+8sub GCAGGGGGTAATTGAGTTCTacaacgaGAGGAAAG 
Mz-B_T19R-WT-7+8sub CCAGGGAggctagctGGTTGTAAGA 
Mz-B_T19R-MT-7+8sub CCAGGGAggctagctGGTTCTAAGA 
S26L   
S26L_WT_analyte TCCTTCAGATTTTGTTCGCGCTACTGCAAC 
S26L_MT_analyte TCCTTTAGATTTTGTTCGCGCTACTGCAAC 
Mz-A_S26L-7+8sub GTTGCAGTAGCGCGAACAAAacaacgaGAGGAAAG 
Mz-B_S26L-WT-7+8sub CCAGGGAggctagctATCTGAAGGA 
Mz-B_S26L-MT-7+8sub CCAGGGAggctagctATCTAAAGGA 
P71L   
P71L_WT_analyt AGTTCCTGATCTTCTGGTCTAAACGAACTA 
P71L_MT_analyt AGTTCTTGATCTTCTGGTCTAAACGAACTA 
Mz-A_P71L-7+8su TAGTTCGTTTAGACCAGAAGacaacgaGAGGAAAG 
Mz-B_P71L-WT-7+8sub CCAGGGAggctagctATCAGGAACT 
Mz-B_P71L-MT-7+8sub CCAGGGAggctagctATCAAGAACT 
D80A   
D80A_WT_analyte GTTTGATAACCCTGTCCTACCATTTAATGA 
D80A_MT_analyte GTTTGCTAACCCTGTCCTACCATTTAATGA 
Mz-A_D80A-7+8sub TCATTAAATGGTAGGACAGGacaacgaGAGGAAAG 
Mz-B_D80A-WT-7+8sub CCAGGGAggctagctGTTATCAAAC 
Mz-B_D80A-MT-7+8sub CCAGGGAggctagctGTTAGCAAAC 
I82T   
I82T_WT_analyte TGCTATCGCAATGGCTTGTCTTGTAGGCTT 
I82T_MT_analyte TGCTACCGCAATGGCTTGTCTTGTAGGCTT 
Mz-A_I82T-7+8sub AAGCCTACAAGACAAGCCATacaacgaGAGGAAAG 
Mz-B_I82T-WT-7+8sub CCAGGGAggctagctTGCGATAGCA 
Mz-B_I82T-MT-7+8sub CCAGGGAggctagctTGCGGTAGCA 
E156G   
E156G_WT_analyte AAGTGAGTTCAGAGTTTATTCTAGTGCGAA 
E156G_MT_analyte AAGTGGGTTCAGAGTTTATTCTAGTGCGAA 
Mz-A_E156G-7+8sub TTCGCACTAGAATAAACTCTacaacgaGAGGAAAG 
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Mz-B_E156G-WT-7+8sub CCAGGGAggctagctGAACTCACTT 
Mz-B_E156G-MT-7+8sub CCAGGGAggctagctGAACCCACTT 
S235F   
S235F_WT_analyte AATGTCTGGTAAAGGCCAACAACAACAAGG 
S235F_MT_analyte AATGTTTGGTAAAGGCCAACAACAACAAGG 
Mz-A_S235F-7+8sub CCTTGTTGTTGTTGGCCTTTacaacgaGAGGAAAG 
Mz-B_S235F-WT-7+8sub CCAGGGAggctagctACCAGACATT 
Mz-B_S235F-MT-7+8sub CCAGGGAggctagctACCAAACATT 
S253P   
S253P_WT_analyte GTTCATCCGGAGTTGTTAATCCAGTAATGG 
S253P_MT_analyte GTTCACCCGGAGTTGTTAATCCAGTAATGG 
Mz-A_S253P-7+8sub CCATTACTGGATTAACAACTacaacgaGAGGAAAG 
Mz-B_S253P-WT-7+8sub CCAGGGAggctagctCCGGATGAAC 
Mz-B_S253P-MT-7+8sub CCAGGGAggctagctCCGGGTGAAC 
K417N/T  
K417_WT_analyte GGAAAGATTGCTGATTATAATTATAAATTA 
K417N_MT_analyte GGAAATATTGCTGATTATAATTATAAATTA 
K417T_MT_analyte GGAACGATTGCTGATTATAATTATAAATTA 

K417_WT_RPA_template 
GAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAAGATTG
CTGATTATAATTATAAATTACCAGATGATTTTACAGGCTGCG
TTATAGCT 

K417N_MT_RPA_template 
GAAGTCAGACAAATCGCTCCAGGGCAAACTGGAAATATTG
CTGATTATAATTATAAATTACCAGATGATTTTACAGGCTGCG
TTATAGCT 

K417T_MT_RPA_template 
GAAGTCAGACAAATCGCTCCAGGGCAAACTGGAACGATTG
CTGATTATAATTATAAATTACCAGATGATTTTACAGGCTGCG
TTATAGCT 

K417_RPA_FWD GAAATTAATACGACTCACTATAGGGGTGATGAAGTCAGACA
AATCGCTCCAGGGC 

K417_RPA_RVS TTCCAAGCTATAACGCAGCCTGTAAAATCA 
Mz-A_K417-7+8sub TAATTTATAATTATAATCAGacaacgaGAGGAAAG 
Mz-B_K417N-WT-7+8sub CCAGGGAggctagctCAATCTTTCC 
Mz-B_K417N-MT-7+8sub CCAGGGAggctagctCAATATTTCC 
Mz-B_K417T-MT-7+8sub CCAGGGAggctagctCAATCGTTCC 
Lz-B_K417N-MT-6+6sub_FAM TCATGAggctagctCAATATTTCC 
Lz-B_K417T-MT-6+6sub_FAM TCATGAggctagctCAATCGTTCC 
Lz-A_K417-6+6sub_FAM TAATTTATAATTATAATCAGacaacgaGGTTAG 
Lz-A_K417-6+6sub_HEX TAATTTATAATTATAATCAGacaacgaGAGGAA 
Lz-B_K417N-MT-6+6sub_HEX CAGGGAggctagctCAATATTTCC 
Lz-B_K417T-MT-6+6sub_HEX CAGGGAggctagctCAATCGTTCC 
Lz-B_K417N-MT-6+6sub_HEX CAGGGAggctagctCAATATTTCC 
Lz-B_K417T-MT-6+6sub_HEX CAGGGAggctagctCAATCGTTCC 
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Lz-B_K417-WT-FAM TCATGAggctagctCAATCTTTCC 
Lz-B_K417-MT-HEX CAGGGAggctagctCAATATTTCC 
L452R   
L452R_WT_analyte TTACCTGTATAGATTGTTTAGGAAGTCTAA 
L452R_MT_analyte TTACCGGTATAGATTGTTTAGGAAGTCTAA 

L452R_WT_template 
AATTCTAACAATCTTGATTCTAAGGTTGGTGGTAATTATAAT
TACCTGTATAGATTGTTTAGGAAGTCTAATCTCAAACCTTTT
GAGAGA 

L452R_MT_template 
AATTCTAACAATCTTGATTCTAAGGTTGGTGGTAATTATAAT
TACCGGTATAGATTGTTTAGGAAGTCTAATCTCAAACCTTTT
GAGAGA 

RPA_L452R_RVS ATATCTCTCTCAAAAGGTTTGAGATTAGAC 

RPA_L452R_FWD GAAATTAATACGACTCACTATAGGGCTTGGAATTCTAACAA
TCTTGATTCTAAGG 

Mz-A_L452R-7+8sub TTAGACTTCCTAAACAATCTacaacgaGAGGAAAG 
Mz-B_L452R-WT-7+8sub CCAGGGAggctagctATACAGGTAA 
Mz-B_L452R-MT-7+8sub CCAGGGAggctagctATACCGGTAA 
Lz-A_L452R-HEX TTAGACTTCCTAAACAATCTacaacgaGAGGAA 
Lz-B_L452R-WT-HEX CAGGGAggctagctATACAGGTAA 
Lz-B_L452R-MT-HEX CAGGGAggctagctATACCGGTAA 
Lz-A_L452R-FAM TTAGACTTCCTAAACAATCTacaacgaGGTTAG 
Lz-B_L452R-WT-FAM TCATGAggctagctATACAGGTAA 
Lz-B_L452R-MT-FAM TCATGAggctagctATACCGGTAA 
T547K   

T547K_WT_template 
AATTTGGTTAAAAACAAATGTGTCAATTTCAACTTCAATGGT
TTAACAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTT
TCTGCCT 

T547K_MT_template 
AATTTGGTTAAAAACAAATGTGTCAATTTCAACTTCAATGGT
TTAAAAGGCACAGGTGTTCTTACTGAGTCTAACAAAAAGTT
TCTGCCT 

RPA_T547K_FWD GAAATTAATACGACTCACTATAGGGCTACTAATTTGGTTAAA
AACAAATGTGTCA 

RPA_T547K_RVS TGGAAAGGCAGAAACTTTTTGTTAGACTCA 
Mz-A_T547K-7+8sub GACTCAGTAAGAACACCTGTacaacgaGAGGAAAG 
Mz-B_T547K-WT-7+8sub CCAGGGAggctagctGCCTGTTAAA 
Mz-B_T547K-MT-7+8sub CCAGGGAggctagctGCCTTTTAAA 
Lz-A_T547K-FAM GACTCAGTAAGAACACCTGTacaacgaGGTTAG 
Lz-B_T547K-WT-FAM TCATGAggctagctGCCTGTTAAA 
Lz-B_T547K-MT-FAM TCATGAggctagctGCCTTTTAAA 
Lz-A_T547K-HEX GACTCAGTAAGAACACCTGTacaacgaGAGGAA 
Lz-B_T547K-WT-HEX CAGGGAggctagctGCCTGTTAAA 
Lz-B_T547K-MT-HEX CAGGGAggctagctGCCTTTTAAA 
A570D   
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A570D_WT_analyte_S CATTGCTGACACTACTGATGCTGTCCGTGA 
A570D_MT_analyte_S CATTGATGACACTACTGATGCTGTCCGTGA 

A570D_WT_template 
TCTAACAAAAAGTTTCTGCCTTTCCAACAATTTGGCAGAGA
CATTGCTGACACTACTGATGCTGTCCGTGATCCACAGACAC
TTGAGATT 

A570D_MT_template 
TCTAACAAAAAGTTTCTGCCTTTCCAACAATTTGGCAGAGA
CATTGATGACACTACTGATGCTGTCCGTGATCCACAGACAC
TTGAGATT 

RPA_A570D_RVS TCAAGAATCTCAAGTGTCTGTGGATCACGG 

RPA_A570D_FWD GAAATTAATACGACTCACTATAGGGCTGAGTCTAACAAAAA
GTTTCTGCCTTTCC 

Mz-A_A570D-7+8sub TCACGGACAGCATCAGTAGTacaacgaGAGGAAAG 
Mz-B_A570D-WT-7+8sub CCAGGGAggctagctGTCAGCAATG 
Mz-B_A570D-MT-7+8sub CCAGGGAggctagctGTCATCAATG 
Mz-66_A_A570D-FAM TCACGGACAGCATCAGTAGTacaacgaGGTTAG 
Mz-66_B_A570D-WT-FAM TCATGAggctagctGTCAGCAATG 
Mz-66_B_A570D-MT-FAM TCATGAggctagctGTCATCAATG 
Lz-A_A570D-HEX TCACGGACAGCATCAGTAGTacaacgaGAGGAA 
Lz-B_A570D-WT-HEX CAGGGAggctagctGTCAGCAATG 
Lz-B_A570D-MT-HEX CAGGGAggctagctGTCATCAATG 
Lz-A_A570D-FAM TCACGGACAGCATCAGTAGTacaacgaGGTTAG 
Lz-B_A570D-WT-FAM TCATGAggctagctGTCAGCAATG 
Lz-B_A570D-MT-FAM TCATGAggctagctGTCATCAATG 
Lz-B_A570D-WT-FAM_SNP TCATGAggctagctGTCAGCAATG 
Lz-B_A570D-MT-FAM_SNP TCATGAggctagctGTCATCAATG 
P681H  
P681_WT_analyte TTCTCCTCGGCGGGCACGTAGTGTAGCTAG 
P681H_MT_analyte TTCTCATCGGCGGGCACGTAGTGTAGCTAG 
Mz-A_P681H-7+8sub CTAGCTACACTACGTGCCCGacaacgaGAGGAAAG 
Mz-B_P681H-WT-7+8sub CCAGGGAggctagctCCGAGGAGAA 
Mz-B_P681H-MT-7+8sub CCAGGGAggctagctCCGATGAGAA 
D796Y   
D796Y_WT_analyte TTAAAGATTTTGGTGGTTTTAATTTTTCAC 
D796Y_MT_analyte TTAAATATTTTGGTGGTTTTAATTTTTCAC 
Mz-A_D796Y-7+8sub GTGAAAAATTAAAACCACCAacaacgaGAGGAAAG 
Mz-B_D796Y-WT-7+8sub CCAGGGAggctagctAAATCTTTAA 
Mz-B_D796Y-MT-7+8sub CCAGGGAggctagctAAATATTTAA 
D950N  
D950N_WT_analyte TTCAAGATGTGGTCAACCAAAATGCACAAG 
D950N_MT_analyte TTCAAAATGTGGTCAACCAAAATGCACAAG 
Mz-A_D950N-7+8sub CTTGTGCATTTTGGTTGACCacaacgaGAGGAAAG 
Mz-B_D950N-WT-7+8sub CCAGGGAggctagctACATCTTGAA 
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Mz-B_D950N-MT-7+8sub CCAGGGAggctagctACATTTTGAA 
T1027I  
T1027I_WT_analyte TGCTACTAAAATGTCAGAGTGTGTACTTGG 
T1027I_MT_analyte TGCTATTAAAATGTCAGAGTGTGTACTTGG 
Mz-A_T1027I-7+8sub CCAAGTACACACTCTGACATacaacgaGAGGAAAG 
Mz-B_T1027I-WT-7+8sub CCAGGGAggctagctTTTAGTAGCA 
Mz-B_T1027I-MT-7+8sub CCAGGGAggctagctTTTAATAGCA 
D1118H  
D1118H_WT_analyte CTACAGACAACACATTTGTGTCTGGTAACT 
D1118H_MT_analyte CTACACACAACACATTTGTGTCTGGTAACT 
Mz-A_D1118H-7+8sub AGTTACCAGACACAAATGTGacaacgaGAGGAAAG 
Mz-B_D1118H-WT-7+8sub CCAGGGAggctagctTTGTCTGTAG 
Mz-B_D1118H-MT-7+8sub CCAGGGAggctagctTTGTGTGTAG 

Note: Black stands for DNA nucleotides. red for RNA nucleotides, and green for LNA nucleotides. Lower case 
stands for the catalytic core of DNAzyme. Yellow highlight reflects the SNP site on the sensor. Blue highlight 
reflects the SNP site on the analyte. Pink highlight signifies the T7 promoter region. Underline represents the 
substrate binding arm. MT stands for mutant type. WT stands for wild type. 
 
 
 
  



 105 

Table S3.2. Single-nucleotide mutations evaluated in the SARS-CoV-2 genome 

Region Position Amino Acid Alpha 
(B.1.1.7) 

Beta  
(B.1.351) 

Gamma  
(P.1) 

Delta 
(B.1.617.2) 

Omicron 
(B.1.1.529) 

SNP 
discrimination* 

S gene 

19 T    R  ü 

80 D  A    ü 

156 E    G  ü 

417 K   N    N ü 

417 K    T    ü 

452 L       R   ü 

547 T         K ü 

570 A D         ü 

681 P H   R H ü 

796 D     Y ü 

950 D    N  û 

1027 T   I   û 

1118 D H     û 

ORF3a 
gene 

26 S    L  û 

253 S   P   ü 

E gene  71 P  L    û 

M gene  82 I    T  û 

N gene 235 S F         û 
* Denotes the ability of the sensor to discriminate VOC-specific SNPs at the indicated position. Checkmarks confirm the ability to discriminate the 
desired SNP and X refers to inability to discriminate the SNP. Red colored checkmarks indicate the mutations that were targeted for REVEALR-based 
genotyping of clinical samples.
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Table S3.3. Summary of patient-derived clinical samples  

Patient 
No. Sex Age Date  

Collected Timeframe Media CT 
Value Variant 

Variant 
Identification 

Source* 
1 M 55 12/2/20 Early HARDY 12.80 Wild type 2 
2 F 58 12/2/20 Early REMEL 17.20 Epsilon 1 
3 M 69 12/9/20 Early HARDY 3.38 Epsilon 1 
4 M 70 12/13/20 Early HARDY 13.1 Epsilon 2 
5 M 46 12/21/20 Early Remel 17.7 Wild type 2 
6 F 30 12/30/20 Early HARDY 8.86 Epsilon 2 
7 F 68 1/5/21 Early HARDY 11.34 Epsilon 1 
8 F 30 1/6/21 Early Remel 12.45 Wild type 2 
9 M 23 1/6/21 Early HARDY 4.5 Epsilon 2 
10 F 64 1/9/21 Early Remel 16.8 Epsilon 2 
11 F 36 1/12/21 Early Remel 14.89 Epsilon 2 
12 F 26 3/10/21 Early Remel 17.8 Wild type 2 
13 M 39 7/8/21 Mid XPERT 14.83 Delta 2 
14 M 24 7/8/21 Mid XPERT 16.12 Delta 2 
15 F 37 7/15/21 Mid XPERT - Gamma 1 
16 F 14 7/22/21 Mid XPERT - Gamma 1 
17 F 60 7/23/21 Mid XPERT 12.02 Alpha 1 
18 M 26 7/23/21 Mid XPERT 14.67 Delta 1 
19 M 46 7/26/21 Mid XPERT - Delta 1 
20 F 30 7/27/21 Mid XPERT 17.25 Delta 2 
21 F 53 7/28/21 Mid XPERT 16.98 Delta 1 
22 F 35 11/29/21 Late BD 15.15 Delta 2 
23 F 97 12/8/21 Late BD 8.63 Delta 2 
24 M 68 12/8/21 Late BD 13.30 Delta 2 
25 M 31 12/9/21 Late BD 17.80 Delta 2 
26 F 27 12/15/21 Late BD 9.30 Delta 2 
27 M 37 12/20/21 Late BD 19.70 Omicron 2 
28 F 21 12/22/21 Late BD 17.50 Omicron 2 
29 M 62 12/22/21 Late BD 17.85 Delta 2 
30 M 69 12/23/21 Late BD 19.05 Omicron 2 
31 F 59 12/31/21 Late - 17.95 Omicron 2 

*Denotes the source of sequence verification of the patient-derived nasopharyngeal samples. Sequence 
verification of clinical samples was either done by Experimental Tissue Shared Resource Facility team at UCI 
Medical Center (source 1) or by study researchers via Sanger sequencing (source 2). 
 
 



 107 

Supplementary Table 4.1. List of oligonucleotides 
 
Name Sequence 5'-3' 
RNA Substrates and 
reference oligo  

FamQ-whole RNA-sub /56-FAM/CUAACCGUCAUGA/3IABkFQ/ 
FQ-rGrU-sub /56-FAM/CTAACCGUCATGA/3BHQ_1/ 

Ref_oligo_TAMRA /56-TAMN/TTCTATGAAGACTTTTTAGAGTATTAAAAAGT 
CTTCATAGAAACTTTG 

DNAzyme modification 
study  

No.1_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.1,5_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.2_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.2,6,8,9,10_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.3_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.3,7_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.4_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.4_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.5,6,7,11_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag/3BHQ_1/ 
No.8_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag/3BHQ_1/ 
No.9,12_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag/3BHQ_1/ 
No.10,13_Mz-A CACCAGCTGTCCAACCTGAAACAAC*GAggttag/3BHQ_1/ 
No.11,12,13_Mz-B tcatga*GGCTAGCTGAAGAATCACCAGGAGTCAA 
No.14_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.14_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.15_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.15_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.16_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.16_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.17_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.17_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 
No.18_Mz-A CACCAGCTGTCCAACCTGAAACAACGAggttag 
No.18_Mz-B tcatgaGGCTAGCTGAAGAATCACCAGGAGTCAA 

Sgene_mid-RPA AGTTATTTGACTCCTGGTGATTCTTCTTCAGGTTGGACAG
CTGGTGCTGCAG 

DNAzyme used in 
Droplet REVEALR  

Q-MOE-A-N1_66sub CAGTTGAATCTGAGGGTCCACACAACGAggttag/3BHQ_1/ 
Q-MOE-A-N2_66sub ACATTCCGAAGAACGCTGAAACAACGAggttag/3BHQ_1/ 
Q-MOE-A-N3_66sub GTTGTAGCACGATTGCAGCAACAACGAggttag/3BHQ_1/ 
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Q-MOE-A-N4_66sub CCCTTCTGCGTAGAAGCCTTACAACGAggttag/3BHQ_1/ 
Q-MOE-A-N5_66sub TGTTGCGACTACGTGATGAGACAACGAggttag/3BHQ_1/ 
Lz-L1-B-N1_66sub_PS tcatga*GGCTAGCTCAAACGTAATGCGGGGTGC 
Lz-L1-B-N2_66sub_PS tcatga*GGCTAGCTGCGCTGGGGGCAAATTGTGC 
Lz_L1-B-N3_66sub_PS tcatga*GGCTAGCTTTGTTAGCAGGATTGCGGGT 
Lz_L1-B-N4_66sub_PS tcatga*GGCTAGCTTTGGCAATGTTGTTCCTTGA 
Lz-L1-B-N5_66sub_PS tcatga*GGCTAGCTGAACGAGAAGAGGCTTGACT 
Template for IVT  

T1_5sets_N1N2N3N4N
5 

GAAATTAATACGACTCACTATAGGGGCACCCCGCATTACG
TTTGGTGGACCCTCAGATTCAACTGGCACAATTTGCCCCC
AGCGCTTCAG 

T2_5sets_ 
N1N2N3N4N5 

ATTTGCCCCCAGCGCTTCAGCGTTCTTCGGAATGTACCCG
CAATCCTGCTAACAATGCTGCAATCGTGCTACAACTCAAG
GAACAACATT 

T3_5sets_ 
N1N2N3N4N5 

TGTTGCGACTACGTGATGAGGAACGAGAAGAGGCTTGAC
TCCCTTCTGCGTAGAAGCCTTTTGGCAATGTTGTTC 
CTTGAGTTGTAGCAC 

Note: Black stands for DNA nucleotides. red for RNA nucleotides, orange for 2’OMe nucleotides, 
purple for MOE nucleotides, and green for LNA nucleotides. * Stands for PS bond. Underline 
represents the catalytic core. The lower case stands for the substrate binding arm of DNAzyme. 
Pink highlight signifies the T7 promoter region. 
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Table S4.2. Proportion of positive droplet (PPD) calculation 
 

Diameter of 
droplet um Vol pL Sample concentration 

10 aM 100 aM 1 fM 10 fM 100 fM 1 pM 
15 1.77 0.001% 0.011% 0.106% 1.059% 10.095% 65.499% 
14 1.44 0.001% 0.009% 0.086% 0.861% 8.288% 57.904% 
13 1.15 0.001% 0.007% 0.069% 0.690% 6.693% 49.980% 
12 0.90 0.001% 0.005% 0.054% 0.543% 5.303% 42.008% 
11 0.70 0.000% 0.004% 0.042% 0.419% 4.110% 34.274% 
10 0.52 0.000% 0.003% 0.032% 0.315% 3.104% 27.044% 
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Table S4.3. Multicomponent DNAzyme optimizations 
 

ID 
Average 

FAM 
signal 

Standard 
deviation 

cleavage
% 

Cleavage-
STD% kobs(min-1) 

temperat
ure (°C) 

Fold-
change 

1 1699.9 62.2 12.2% 0.7% 10.2 25 1.00 

2 2278.6 69.0 16.3% 0.6% 13.6 30 1.34 

3 3645.5 168.0 29.8% 1.7% 24.8 37 2.44 

4 2914.3 96.7 22.5% 1.0% 18.7 37 1.84 

5 3168.2 90.7 24.5% 0.8% 20.4 30 2.01 

6 2955.5 137.5 22.5% 1.3% 18.8 30 1.85 

7 3377.4 98.0 26.4% 0.9% 22.0 30 2.17 

8 1529.2 66.6 8.6% 0.7% 7.2 37 0.71 

9 4843.3 121.2 39.8% 1.1% 33.2 30 3.27 

10 4606.9 162.1 41.0% 1.6% 34.2 34 3.37 

11 3488.0 145.3 30.1% 1.4% 25.1 34 2.47 

12 3830.0 148.9 33.5% 1.4% 27.9 34 2.75 

13 5636.7 144.0 51.1% 1.4% 42.6 34 4.19 

14 1537.4 54.2 11.5% 0.6% 9.6 25 0.95 

15 383.9 53.2 -0.9% 0.6% -0.7 25 -0.07 

16 1567.4 73.5 9.8% 0.7% 8.2 30 0.80 

17 1618.2 65.6 10.3% 0.6% 8.6 30 0.84 

18 2198.4 77.1 15.6% 0.7% 13.0 30 1.28 
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APPENDIX B: Supplementary Figures 

 

 

Figure S2.1. Multicomponent nucleic acid sensor for viral RNA detection. The multicomponent 
enzyme consists of a split XNA enzyme in which the catalytic core is separated into two halves (left and 
right), each carrying partial arms that are complementary in sequence the reporter and trigger. In the 
presence of a trigger (e.g., viral RNA), the split enzyme self-assembles into an active catalyst with site-
specific endonuclease activity that can generate an optical signal by cleaving a quenched fluorescent RNA 
reporter. Signal amplification occurs only in the presence of the trigger and continues as long as the trigger 
is bound to the complex.   
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Figure S2.2. Kinetic analysis of the split X10-23 Pro multicomponent enzyme. (a) Steady state kinetic 
analysis of RNA cleavage by split X10-23 Pro. Reactions were performed in buffer containing 50 mM Tris-
HCl (pH 8.5), 50 mM MgCl2, 150 mM NaCl, and 0.5 μM of each nucleic acid component (5' labeled RNA 
reporter, both halves of the enzyme, and the S-gene trigger). n = 3, error bars denote standard error of the 
mean (SEM). (b) Representative denaturing polyacrylamide gel used to calculate the rate of RNA cleavage 
by X10-23 Pro. S: full-length substrate, P: 5' cleavage product. 
 
 

 

Figure S2.3. Annotated genome map of SARS-CoV-2. Region of the S-gene selected for detection is 
denoted (red rectangle) with the nucleotide positions labelled. Abbreviations: UTR, untranslated region; 
ORF, open reading frame; S, spike; E, envelope; M, membrane; and N, nucleocapsid. 
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Figure S2.4. Kinetic comparison of three multicomponent designs in the REVEALR detection format. 
Kinetics of fluorescent signal generation for (a) split 10-23, (b) split X10-23, and (c) split X10-23 Pro across 
different serial dilutions of the S gene IVT RNA fragment. n = 3, error bars denote standard error of the 
mean (SEM). au, arbitrary units. NTC, no template control.  
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Figure S2.5. Optimization of the magnesium acetate concentration for the RT-RPA step of the 
REVEALR system. The kinetics of fluorescent signal generation were compared across a range of 
magnesium acetate concentrations. Signal generation was performed using X10-23 Pro to detect a fixed 
concentration (50 aM) of the S gene IVT RNA fragment of SARS-CoV-2. n = 3, error bars denote standard 
error of the mean (SEM). au, arbitrary units. NTC, no template control.  
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Figure S2.6. Evaluation of the reverse transcriptase component of the RT-RPA step of the REVEALR 
system. The kinetics of fluorescent signal generation were compared using commercial (a) M-MuLV RT 
and (b) SuperScript IV polymerases to facilitate the initial reverse transcription step of the RT-RPA protocol. 
Signal generation was performed using X10-23 Pro to detect across different serial dilutions of the S gene 
IVT RNA fragment of SARS-CoV-2. n = 3, error bars denote standard error of the mean (SEM). au, arbitrary 
units. NTC, no template control.  
 

 

 



DISSERTATION 

 116 

 

Figure S2.7. Blinded IVT RNA fragment study. (a) Summary of REVEALR test results obtained for a 
blinded sample of in vitro transcribed RNA IVT RNA fragment samples representing SARS-CoV-2, SARS-
CoV-1, MERS, FluA and Rhinovirus. Positive calls (red squares), negative calls (blue circles). (b) Raw 
fluorescent data of blinded study obtained after 30 min of incubation. 
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Figure S2.8. Sensitivity test with heat-inactivated SARS-CoV-2. (a) Kinetics of fluorescent signal 
generation over 90 min across a range of RNA dilutions. au, arbitrary units. (b) Limit of detection for 
fluorescence-based quantification at 30 min at designated RNA concentrations. Measurements are mean 
± standard error (S.E.M), n = 3 for b and c. Two tailed student’s t test; *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. 
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Figure S3.1. DNAzyme sensor design. Fluorescence signal observed for sensor 1-3 against decreasing 
concentration of the (a) matched and (b) mismatched DNA analyte corresponding to the A570D mutation 
observed in the S1 protein of the SARS-CoV-2 genome. Error bars represent the standard error of the 
mean (SEM) with n=3. Abbreviations: au, arbitrary units. This data was used to generate the data presented 
in Figure 2.  
 
 
 
 
 
 

 

Figure S3.2. Genotype of SARS-CoV-2 variants. Each grouping contains the codon for an amino acid of 
interest. The single orange colored letter of the codon represents the SNP mutation evaluated. Red labels 
to the left and right of the table denote the WHO variant name and Pango lineage, respectively. Mutations 
given in bold font at the top of the table indicate sensors that were chosen for clinical validation, while 
regular font indicates the back-up sensors. 
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Figure S3.3. Schematic overview of multicomponent enzyme screening. All experiments are 
performed with 15 nM of the corresponding analyte and incubated at 37°C for 30 min. WT analyte differs 
from MT analyte by a single nucleotide in the sequence. WT sensor differs from MT sensor by a single 
nucleotide in the analyte binding arm of Mz-B. n=3. WT, wild type. MT, mutant. 
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Figure S3.4. Back-up sensors identified for SNP discrimination. Fluorescent signal generation under 
15 nM of corresponding IVT RNA fragment and incubated at 37°C for 30 min. Measurements are mean + 
standard error (S.E.M), n=3. Two tailed student’s t-test; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. WT, 
wild type. MT, mutant. 
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Figure S3.5. Multicomponent sensors that did not qualify for SNP detection. Fluorescent signal 
generation under 15 nM of corresponding IVT RNA fragment and incubated at 37°C for 30 min. 
Measurements are mean + standard error (S.E.M), n=3. Two tailed student’s t-test; *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. ns, not significant. WT, wild type. MT, mutant. 
 

 

 

Figure S3.6. Possible REVEALR-based genotyping strategy for omicron subvariants. (a) Mutation 
prevalence was observed for omicron subvariants. Dark green indicates that the mutation is observed in a 
higher fraction of the population. Sensors currently exist to recognize the mutations: K417N, L452R, T547K, 
and D796Y. However, a tiered or direct detection system would also require sensors for the following 
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mutations: L452Q (S gene), L3201F (ORF1a), and D3N (M gene). (b) Schematic for a tiered detection 
system used to identify omicron subvariants. Green circles indicate validated sensors used in our clinical 
study, blue circles represent backup sensors, and orange circles denote sensors that would need to be 
created. In this hierarchical scheme, an initial positive test (blue) would be followed with additional sensors 
to elucidate the identity of the precise subvariant in the patient sample.   
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Figure S4.1. Poisson distribution calculating the percentage of positive droplet (PPD) as a 
function of sample concentration. Data were calculated using the formula of concentration (copies 
per uL) = -ln(1-PPD)/V, where PPD stands for the percentage of positive droplet and V stands for 
the average volume (uL) of the droplet. 
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Figure S4.2. Sensitivity test of multicomponent DNAzyme in a Bio-Rad digital droplet system. 
Assays were performed in Bio-Rad droplets generated from buffer containing 50 mM MgCl2, 50 
mM Tris (pH 8.5), 150 mM NaCl, 500 nM FAM-labeled RNA substrate and 500 nM unmodified 
multicomponent DNAzyme, gradient concentration of in vitro transcribed RNA analyte, 1X Bio-
Rad ddPCR Supermix. Droplet populations were evaluated after a 1-hour incubation at 25°C 
using a Bio-Rad ddPCR droplet reader. Dash lines represent the medians, and the dot lines 
represent the two quartile lines. Two-tailed Student’s t test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001. Abbreviations: au, arbitrary units. 
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Figure S4.3. Chemical modifications evaluated for optimal DNAzyme activity. The catalytic core 
of each DNAzyme design is colored according to activity as referenced in the heat map (bottom 
left). Chemical modifications are indicated by color and residue. Assays were performed in Bio-
Rad droplets generated from buffer containing 200 mM MgCl2, 50 mM Tris (pH 8.5), 150 mM 
NaCl, 500 nM FAM-labeled RNA substrate and 500 nM DNAzyme, 100 pM of in vitro transcribed 
RNA analyte, 1X Bio-Rad ddPCR Supermix. Droplet populations were evaluated after a 1-hour 
incubation using a Bio-Rad ddPCR droplet reader. Abbreviations: 2'-O-methylribonucleic acid (2'-
OMe), 2'-O-methoxyethylribonucleic acid (MOE), locked nucleic acid (LNA), phosphonothioate 
(PS), and black hole quencher (BHQ). 
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Figure S4.4. Temperature optimization of DNAzyme sensor. (a) Temperature course of 
DNAzymes 1 to 4 in bulk solution. Assays were performed in buffer containing 100 mM MgCl2, 50 
mM Tris (pH 8.5), 150 mM NaCl, 500 nM FAM-labeled whole RNA substrate, and 500 nM 
DNAzyme 2, 5 nM of single strand DNA analyte. Signal were evaluated after a 10 min under 
different temperature. Error bars denote ± standard deviation of the mean for 3 independent 
replicates. (b) Temperature course of DNAzyme 13 in a Bio-Rad digital droplet system. Reactions 
were performed in droplets generated from buffer containing 200 mM MgCl2, 50 mM Tris (pH 9.0), 
150 mM NaCl, 1 uM FAM labeled RNA substrate, 20 nM of each multicomponent DNAzyme 13 
shown in figure 2c, 10 pM in vitro transcribed RNA analyte and 1X Bio-Rad ddPCR Supermix. 
Droplet populations were evaluated after 1 hour at different temperatures using a Bio-Rad ddPCR 
droplet reader. 
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Figure S4.5. Mg concentration study in droplet system. Assays were performed in Bio-Rad 
droplets generated from buffer containing gradient concentration of MgCl2, 50 mM Tris (pH 8.5), 
150 mM NaCl, 500 nM FamQ RNA substrate, and 500 nM DNAzyme 2, 500 pM of single strand 
DNA analyte, 1X Bio-Rad ddPCR Supermix. Droplet populations were evaluated after a 1 hour 
incubation at 25oC using a Bio-Rad ddPCR droplet reader. 



DISSERTATION 

 128 

 

 
Figure S4.6. Substrate comparison. (a) Cartoon representation of the DNAzyme 3 recognizing a 
quenched whole RNA substrate (top) or rGrU chimeric substrate (bottom). (b) Comparison in Bio-
Rad digital droplet system. Assays were performed in Bio-Rad droplets generated from buffer 
containing 200 mM MgCl2, 50 mM Tris (pH 8.5), 150 mM NaCl, 500 nM FAM-labeled whole RNA 
substrate or rGrU chimeric substrate, and 500 nM DNAzyme 3, 500 pM of single strand DNA 
analyte, 1X Bio-Rad ddPCR Supermix. Droplet populations were evaluated after a 1 hour 
incubation at 37oC using a Bio-Rad ddPCR droplet reader. Abbreviations: DNAzyme 3 (Dz3); 
locked nucleic acid (LNA); Signal to noise ratio (SNR); Standard Deviation (SD). RNA in b panel 
specifically stands for whole RNA substrate. 
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Figure S4.7. Contact quenching experiment. Experiments were performed with 500 nM 
DNAzyme sensor, 50 mM Tris (pH 8.5), 150 mM NaCl, 200 mM MgCl2, 1X Bio-Rad ddPCR 
Supermix, 500 nM substrate and incubated at 25°C for 60 min. Contact quenching group (used 
sign “Contact”) was used DNAzyme 5 and control group (used sign “N”) was used DNAzyme 1. 
500 pM in vitro transcribed RNA added for positive groups. 
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Figure S4.8. Multiplex DNAzyme sensor in Bio-Rad digital droplet system. The DNAzyme sensor 
used in this experiment were the “All” shown in Figure 2c. Data was collected after 3 hours of 
incubation at 34oC using Bio-Rad ddPCR reader. Experiments were performed with 20 nM of 
each DNAzyme 13 sensor shown in Figure 2c (5 in total), 50 mM Tris (pH 8.5), 150 mM NaCl, 
200 mM MgCl2, 1X Bio-Rad ddPCR Supermix, 500 nM rGrU substrate, gradient concentration of 
in vitro transcription RNA and incubated at 34°C for 60 min. 
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Figure S4.9. Poisson distribution of the number of analyte molecules in the droplet based on 
sample concentration. Calculations were based on the droplet diameter of 12 µm. The proportion 
of droplets p(l, k) was calculated based on the average number of events (l) for a given number 
of analytes in a droplet (k).  
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Figure S4.10. Empirically observed droplet false-positive rate. Blue data points represent 
negative droplets and orange data points represent positive droplets. PPD stands for positive 
percentage droplet. Mz stands for multicomponent DNAzyme. Experiments were performed with 
or without 20 nM of each Mz sensor (5 Mz in total), 50 mM Tris (pH 9.0), 150 mM NaCl, 200 mM 
MgCl2, 1X Bio-Rad ddPCR Supermix, 500 nM rGrU substrate, gradient concentration of in vitro 
transcription RNA and incubated for 60 minutes at 34°C. Ten images were analyzed for each 
experiment. The FAM/TAMRA represents the signal intensity of each droplet with the 
normalization about its size. 
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Figure S4.11. Validation of a protein-free assay using proteinase K. Data were collected after 3 
hours of incubation at 34°C with 100 fM of IVT RNA analyte. Experiments were performed with 
20 nM of each Mz sensor (5 Mz in total), 50 mM Tris (pH 9.0), 150 mM NaCl, 200 mM MgCl2, 1X 
Bio-Rad ddPCR Supermix, 500 nM rGrU substrate, with or without 1 uL Proteinase K (NEB 
P8107S), 100 fM in vitro transcription RNA and incubated for 60 minutes at 34°C. 
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Figure S4.12. Comparison of image-based readout to flow-based readout. (a) Overview of droplet 
readout methods. (b) Raw data. Experiments were performed with 20 nM of each Mz sensor (5 
Mz in total), 50 mM Tris (pH 8.5), 150 mM NaCl, 200 mM MgCl2, 1X Bio-Rad ddPCR Supermix, 
500 nM rGrU substrate, 1 pM of in vitro transcription RNA and incubated overnight incubation at 
30°C. (c) Data analysis using image-based readout. (d) Data analysis using flow-based readout. 
The fit curve was calculated using Gaussian fitting. The detection limit was calculated as 17.10 
based on LOD = mean + 3SD. Abbreviations: SD, standard deviation.  
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