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A B S T R A C T   

Rapid and specific quantitation of a variety of RNAs with low expression levels in early-stage cancer is highly 
desirable but remains a challenge. Here, we present a dual signal amplification strategy consisting of the 
CRISPR/Cas13a system and a catalytic hairpin DNA circuit (CHDC), integrated on a reusable electrochemical 
biosensor for rapid and accurate detection of RNAs. Signal amplification is accomplished through the unique 
combination of the CRISPR/Cas13a system with CHDC, achieving a limit of detection of 50 aM within a readout 
time of 6 min and an overall process time of 36 min, using a measuring volume of 10 μL. Enzymatic regeneration 
of the sensor surface and ratiometric correction of background signal allow up to 37 sequential RNA quantifi
cations by square-wave voltammetry on a single biosensor chip without loss of sensitivity. The reusable biosensor 
platform could selectively (specificity = 0.952) and sensitively (sensitivity = 0.900) identify low expression RNA 
targets in human serum, distinguishing early-stage patients (n = 20) suffering from non-small-cell lung carci
noma (NSCLC) from healthy subjects (n = 30) and patients with benign lung disease (n = 12). Measurement of 
six NSCLC-related RNAs (miR-17, miR-155, TTF-1 mRNA, miR-19b, miR-210 and EGFR mRNA) shows the ability 
of the electrochemical CRISPR/CHDC system to be a fast, low-cost and highly accurate tool for early cancer 
diagnostics.   

1. Introduction 

Rapid detection of minute amounts of nucleic acids, especially 
microRNAs (miRNAs) and messenger RNAs (mRNAs) on miniaturized 
devices could drastically improve the patient’s disease outcome by 
enabling timely diagnostics and treatment monitoring. miRNAs regulate 
gene expression by binding to their target mRNAs and promoting their 

degradation or translational inhibition (Guo et al., 2010; Hausser and 
Zavolan 2014). mRNAs, being located at the key position between 
genome and proteome, encode the genetic information necessary for 
protein synthesis (Muers 2011; Proudfoot et al., 2002; Wickramasinghe 
and Laskey 2015). In the past years, miRNAs and mRNAs have gained 
considerable attention as biomarkers, since their aberrant expression is 
closely associated with the occurrence and development of multiple 
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diseases, such as cancer or cardiovascular disorders (Hu and Kuang 
2018; Hu et al., 2017; Jeffrey 2008; Santarius et al., 2010; Vanlande
wijck et al., 2018; Yanaihara et al., 2006). The abundance of particular 
miRNA or mRNA sequences can vary from a single copy to more than 50, 
000 copies in a sample of interest (Bartel 2004), thus requiring excep
tional sensitivity, especially for early-stage diagnosis. The traditional 
methods for measuring RNAs, such as quantitative reverse transcription 
polymerase chain reaction (qRT-PCR), next-generation sequencing and 
microarrays, generally rely on bulky and expensive equipment, complex 
sample preparation and long sample-to-result times, which restrict them 
to well-equipped laboratories and limit their broad application. There
fore, it is vital to develop rapid, portable, highly specific and sensitive 
strategies for RNA detection at the point of care (POC). 

Biosensing devices offer rapid, highly specific and sensitive quanti
fication of miRNAs/mRNAs in an inexpensive and simple manner. 
Herein, one attractive approach is the application of lab-on-a-chip (LOC) 
devices, commonly paired with either an optical or electrochemical 
signal readout. LOC biosensing platforms based on optical detection are 
low-cost, easy-to-handle and fast (Gao et al., 2020; Lee et al., 2020; 
Treerattrakoon et al., 2019), however, they either lack sensitivity, or 
require a non-disposable and comparably bulky reader for the signal 
amplification and/or readout. On the other hand, electrochemical 
readout techniques are employed in a wide range of biosensors because 
of their high sensitivity and potential for high-level miniaturization for 
POC testing (Bruch et al., 2019a; Dincer et al., 2017; Dittrich and Manz 
2006; Heller and Feldman 2008). However, an obstacle in the way of the 
wider adoption of many electrochemical biosensors as diagnostic de
vices is their baseline drift problem. This is mostly due to the variability 
between measurements originating from the alteration of the electrode’s 
surface area by application of functional molecules (e.g., oligonucleo
tides, proteins, lipids, and etc.) or the unexpected adherence of bio
molecules when applied directly in biological matrices (Ferguson et al., 
2013). Application of a dual-reporter drift correction, in which one re
porter responds to the target, and the other serves as a reference to 
correct background effects, can improve measurement reproducibility 
(Li et al., 2016). Furthermore, electrochemical biosensors are limited by 
their reliance on the single-use surface modifications immobilized on 
electrodes or fluidic channels (Cai et al., 2010; Hu et al., 2012; Pheeney 
et al., 2012). Used biosensors have to be disposed of, or their surface 
modifications must be reconstructed which may require up to a few 
days, making the use of such biosensors inconvenient and increasing the 
costs per test. Current washing or magnetic control methods adopted in 
electrochemical biosensors cannot fully regenerate the sensing in
terfaces, which leaves the end-users with a risk of crosstalk between 
samples (Hu et al., 2014; Zhu et al., 2014). Therefore, fast and complete 
regeneration of the sensing interfaces would facilitate sequential mea
surements on a single sensor, resulting in minimal interface recon
struction, high-throughput and low-cost, which is critical for the 
advancement of electrochemical biosensors in clinical applications 
(Gubala et al., 2012; Hu et al., 2014). 

In the recent past, CRISPR/Cas (clustered regularly interspaced short 
palindromic repeats and CRISPR-associated protein) systems have been 
exploited as powerful tools for genome editing, transcription regulation 
and their potential in molecular diagnostics (Bruch et al. 2019b, 2021; 
Konermann et al., 2015; Tsai et al., 2014). Besides Cas9, which is most 
commonly used in gene editing (Bruch et al., 2019c; Doudna and 
Charpentier 2014; Nelles et al., 2016), the cleavage capability of Cas13 
for RNAs, Cas12 for single- and double-stranded DNAs and Cas14 for 
single-stranded DNAs provides great opportunities for CRISPR-based 
nucleic acid diagnostics (Chen et al., 2018; East-Seletsky et al., 2016; 
Gootenberg et al. 2017, 2018; Harrington et al., 2018; Li et al., 2018; 
Shen et al., 2020). These Cas effectors can be easily programmed by a 
target-specific CRISPR RNA (crRNA) and, thereby, offer an inexpensive, 
facile and flexible detection of many different targets. An overview of 
existing CRISPR/Cas-based miRNA detection methods is provided in 
Supplementary Table 1. 

The Winfree group (Seelig et al., 2006; Zhang et al., 2007) first 
introduced the implementation of functional domains into oligonucle
otide sequences, and developed the catalytic hairpin DNA circuit 
(CHDC). CHDC is an enzyme-free DNA circuit, which facilitates signal 
amplification by catalyzed hairpin assembly. It consists of two DNA 
hairpins: hairpin-1, whose allosteric transformations are catalytically 
triggered by hybridization with a single-stranded nucleic acid, and 
hairpin-2, which participates in a strand-exchange reaction to displace 
the single-stranded nucleic acid for the next catalytic cycle. The product 
of the CHDC is easily detectable by common detection modalities, such 
as fluorescence, electrochemical or colorimetric detection. In addition, 
the molecular circuitry of the CHDC provides the opportunity for com
bination with CRISPR/Cas and an electrochemical sensor to achieve 
high-level performances. To the best of our knowledge, there has as of 
yet not been a report on the combination of CRISPR/Cas13a with CHDC 
to quantify RNAs with high sensitivity. 

Herein, we present the Cas-CHDC-powered electrochemical RNA- 
sensing technology (COMET), which comprises a two-stage signal 
amplification system integrated on a reusable electrochemical 
biosensor, for high-sensitivity sequential measurements of various 
RNAs. Up to now, many miRNAs and mRNAs have been investigated as 
potential biomarkers for the leading cause of cancer-related death: non- 
small-cell lung carcinoma (NSCLC) (Lee et al., 2016; Zaporozhchenko 
et al., 2018). As single biomarker is not sufficient for accurate diagnosis, 
especially in early-stage cancer (Liu et al., 2019), development of a 
diagnostic method involving several biomarkers of the same kind (for 
example: mRNA, miRNA or inflammatory mediators), or even a com
bination of several different types of biomarkers are needed. Thus, we 
select a panel of six NSCLC-related RNAs (miR-17, miR-155, TTF-1 
mRNA, miR-19b, miR-210 and EGFR mRNA), which are all up-regulated 
in malignant nodules (Chen et al., 2012; Hu et al., 2018; Lee et al., 2016; 
Xue et al., 2016; Zaporozhchenko et al., 2018), to validate our assay and 
compare its performance with qRT-PCR. Our findings demonstrate that 
the COMET chip is a powerful and easy to use tool for early-stage NSCLC 
diagnostics. 

2. Results 

2.1. Overview of the COMET chip 

For the electrochemical detection of RNAs, an inexpensive and easy- 
to-fabricate biosensor chip, as illustrated in Fig. 1A, is manufactured 
comprising a screen-printed electrode (SPE) setup (a gold (Au) working, 
platinum (Pt) counter and silver/silver chloride (Ag/AgCl) reference 
electrode) and a pre-molded polydimethylsiloxane (PDMS) plate (Sup
plementary Fig. 1). For the CRISPR/Cas13a system and catalyzed 
hairpin DNA circuit (Cas-CHDC)-powered RNA detection, all compo
nents are thoroughly mixed in a standard reaction vessel and incubated 
at 37 ◦C, allowing a two-stage signal amplification (Fig. 1B). The key 
component, linking the Cas-mediated target detection to the CHDC 
mechanism, is a specific single-stranded nucleic acid molecule called the 
“trigger”. It consists of two functional domains: a uridine domain (rU- 
rU) acting as the ‘fuse’ point to be cleaved by the activated Cas13a, and 
an intermediary domain (1*-2*-3*), which, upon release, initiates the 
CHDC. Without the activated Cas13a, the trigger exhibits a stable 
hairpin structure in which the intermediary domain is locked. In the 
presence of target RNA, the guide sequence of the crRNA hybridizes with 
its target, Cas13a gets activated and cleaves multiple triggers at the 
‘fuse’ points releasing numerous intermediary strands (primary ampli
fication). Subsequently, specific binding of domain 1* (red) of the 
intermediary strand to the exposed domain 1 (red) of COMET-hairpin-1 
(C–H1) initiates strand displacement to generate an intermediate com
plex (C–I1) through domain hybridization (1-2-3 and 3*-2*-1*). The 
released toehold domain 3* in C–I1 further triggers branch migration on 
domain 3-4*-3*-2* of COMET-hairpin-2 (C–H2) to form the C–H1–C–H2 
duplex (C–I2), followed by displacement of the intermediary strand. The 
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latter will then start the next catalytic cycle to form another C–I2 strand 
(secondary amplification). 

To counteract the aforementioned baseline drift between measure
ments, we used a ratiometric correction method which employs two 
independent redox reporters: methylene blue (MB) and ferrocene (Fc). 
MB is conjugated to the 3′ end of C–H1 and works as a sensing reporter, 
whereas Fc is conjugated to the 5’ end of the Thio-DNA and works as a 
reference reporter. As shown in Fig. 1C, the Thio-DNA monolayer was 
pre-assembled on the gold electrode surface, the distance between the Fc 
and the gold electrode is thereby kept constant. Therefore, Fc is expected 
to serve as an internal control. Once C–I2 (2*-5*-6*) hybridizes to the 
surface Thio-DNA (2-5-6) and thereby displaces the competitor strand 
(5*-6*), MB gets closer to the gold electrode surface. Under the fixed 
concentration of other complexes that are involved in the reaction 
scheme, the number of Thio-DNA/C–I2 complexes is proportional to the 
amount of target RNA in the solution, which makes the electron transfer 

reactions between the electrode and the redox reporters (MB and Fc) 
indicative of the abundance of target RNA within the sample (Fig. 1C, 
upper). For the square wave voltammetry (SWV) readout, the COMET 
chip is placed into a custom-made chip-holder, connecting it to a 
potentiostat. 

To successfully perform multiple RNA measurements consecutively 
using a single biosensor, enzymatic regeneration of the gold electrode 
surface was employed in this work. As depicted in the magnified circle in 
Fig. 1C (right) and Supplementary Fig. 2, the deoxyuridine (‘dU’) moi
eties in the 2*-5*-6* domain of the Thio-DNA/C–I2 complex are subject 
to enzymatic cleavage by the mixture of Uracil-DNA glycosylase (UDG) 
and endonuclease IV. In this way, the 2*-5*-6* domain of the Thio-DNA/ 
C–I2 complex is enzymatically broken into four shorter segments of 
DNA. As a consequence, the Thio-DNA/C–I2 complex denatures to 
release the C–I2 fragments (Fig. 1C, lower), leaving only the Thio-DNA 
monolayer at the electrode surface (Fig. 1C, left). The images acquired 

Fig. 1. Working principle of the Cas-CHDC-powered electrochemical RNA-sensing technology (COMET) chip. A) Stepwise operation of the COMET chip assay, which 
is composed of off-chip signal amplification (i), on-chip RNA measurements (ii), and square wave voltammetry (SWV) readout (iii). B) Schematic illustration of the 
Cas-CHDC system consisting of the Cas13a/crRNA complex, trigger as well as C–H1 and C–H2 for a two-stage signal amplification. Recognition of target RNA ac
tivates Cas13a, which then collaterally cleaves multiple triggers at their ‘fuse’ points to release the intermediaries, which in turn catalyze the hybridization of C–H1 
and C–H2 through toehold-mediated strand displacement reactions for multiple cycles, generating numerous C–I2 molecules. C) Ratiometric correction using two 
redox reporters, and a cycle for enzymatic regeneration of the Thio-DNA monolayer on the gold electrode surface. C–I2 binds to the surface Thio-DNA, forming a 
Thio-DNA/C–I2 complex which allows electrochemical current enhancement between the electrode and the redox reporters (MB and Fc) (upper). After the mea
surement, the electrode is incubated in the enzyme mixture of UDG and endonuclease IV (right). Cleavage of the DNA backbone occurs at strategically placed 
deoxyuridines (dU). The resulting shorter DNA sections spontaneously denature and are washed away in buffer (lower), leaving only the surface Thio-DNA 
monolayer that is then ready for sample loading and another measurement. 
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by atomic force microscopy (AFM) display the gold electrode surface 
during the enzymatic regeneration process (Supplementary Fig. 3). 
Through this gentle enzymatic mechanism, the gold electrode is regen
erated in a matter of minutes and ready for the next measurement. 

2.2. Feasibility of the Cas-CHDC amplification system 

We first combine the collateral cleavage activity of Cas13a with the 
enzyme-free allosteric catalysis of CHDC to generate a two-stage 
amplification for a robust gain in current signals. Since triggers are 
the link connecting the two amplification stages, design and optimiza
tion of the trigger chain are essential for successful signal amplification. 
As the stem-to-loop ratio is the key factor determining the stability and 
functionality of the triggers, a series of six triggers with varied stem-to- 
loop ratios (Trigger-1 (8:16), Trigger-2 (9:15), Trigger-3 (12:12), 
Trigger-4 (14:10), Trigger-5 (16:8) and Trigger-6 (18:6)) were designed 
and synthesized (Supplementary Table 2). To test the capability of these 
6 triggers to initiate CHDC, we employed Ribonuclease A (RNase A) 
mediated cleavage and determined the product (C–I2) by evaluating its 

band density using 10% polyacrylamide gel electrophoresis (PAGE) 
analysis. In order to obtain the optimal C–H1:C–H2 ratio, kinetics of 
CHDC were first monitored with C–H1 and fluorescence labeled C–H2 
(C–H2QF). The results revealed an elevated fluorescence intensity when 
increasing C–H1:C–H2QF from 0.25:1 to 1:1, whereas a slight decrease 
from 1:1 to 2:1 was observed (C–H2QF = 200 nM) (Fig. 2A). When C–H1 
was kept at 200 nM, the background signal increased proportionally to 
the increased C–H2QF (Supplementary Fig. 4). Thus, the optimized 
C–H1:C–H2 ratio (1:1) was chosen based on the high reaction rate and 
low background. 

PAGE analysis revealed that Trigger-1 to 3 can catalyze almost all 
C–H1 and C–H2 strands to produce numerous C–I2 molecules (L1, L3 of 
Supplementary Fig. 5 and L1 of Fig. 2B). By contrast, the catalytic effect 
gradually weakened from Trigger-4 to 6 (L3, L5 and L7 of Fig. 2B). 
However, in the absence of RNase A, Trigger-1 and Trigger-2 can also 
initiate CHDC and generate some C–I2, producing the risk of obtaining 
‘false positive’ results (L2 and L4 of Supplementary Fig. 5). Finally, the 
collateral cleavage activity of CRISPR/Cas13a was assessed through 
real-time monitoring of the fluorescence emitted from cleaved QF-RNAs 

Fig. 2. Proof-of-principle of the Cas-CHDC 
system. A) The effect of different C–H1: 
C–H2 ratios on the catalyzed hairpin DNA 
circuit (CHDC) (C–H2 = 200 nM). B) Elec
trophoretic analysis of the capability of 
triggers to initiate the CHDC: Trigger-3 
showed by far the strongest C–I2 band, 
whereas the catalytic effect gradually 
weakened from Trigger-4 to 6. C) Real-time 
fluorescence curves of the Cas13a mediated 
cleavage assay. Only in the presence of 
target miR-17, Cas13a shows perfect activity 
under the guidance of crRNA-17. D) Elec
trophoretic analysis of the capability of Cas- 
CHDC for miR-17 detection. Besides the 
positive control group (L5), only the Cas- 
CHDC group (L1) showed an obvious C–I2 
band. E) Electrophoretic analysis of the 
target concentration dependent two-stage 
amplification of Cas-CHDC. A proportional 
relation between the density of the C–I2 and 
the concentration of miR-17 (100 fM to 10 
nM) was observed. (M: Oligonucleotide lad
der, ‘+’ means presence, ‘-’ means absence.).   
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(Fig. 2C). The experiment group with target (miR-17) showed a rapid 
increase in fluorescence intensity reaching 12.6 times the control value 
obtained from scramble RNA after 30 min. 

Trigger-3 was selected for validation of the Cas-CHDC system since it 
showed the best performance initiating the CHDC. Both the Cas-CHDC 
group (Fig. 2D; L1) and the positive control group (Fig. 2D; L5) 
showed a strong C–I2 band, while the control group, not containing the 
target (miR-17), only had a weak C–I2 band (Fig. 2D; L2). Control 
groups containing neither crRNA (Fig. 2D; L3) nor Cas13a (Fig. 2D; L4) 
did not show C–I2 bands. In Fig. 2E, various concentrations of target 
miR-17 (100 fM to 10 nM) were measured using the Cas-CHDC system. 
The gel image reveals a directly proportional relation between the 
density of the C–I2 band and the concentration of miR-17, with an 
obvious C–I2 band at a miR-17 concentration as low as 100 fM (Fig. 2E; 
L6). 

2.3. Successive and sensitive RNA detection on the COMET chip 

We next integrate amplification by Cas-CHDC into a reusable elec
trochemical biosensing technology on a chip to realize rapid and highly 
sensitive RNA detection on a miniaturized POC testing device. To assess 
the reusability of the COMET chip, 45 repeated miR-17 (50 pM) mea
surements were carried out on a single chip. Fig. 3A shows the typical 
oxidation peaks of MB (− 0.21 V vs. Ag/AgCl) and Fc (0.43 V) read out 
by SWV in the 1st, 20th and 45th test. For MB alone, similar to the 
electrochemical biosensor with only a single reporter, the oxidation 

peaks gradually decreased with increasing numbers of measurements 
resulting in a variability of 34.8%. However, application of the ratio
metric correction (IMB/IFc) exhibited an average response of 0.61 and 
drastically reduced this variability to 2.2% (Fig. 3B). We observed that 
at least 37 successive and stable measurements could be achieved on one 
single COMET chip (Fig. 3B; area highlighted in red). 

Fig. 3C shows the SWV curves of MB and Fc in the presence of 
varying amounts of miR-17 (0.5 fM – 5 nM) and PBS as background 
signal, all measured at the 6-min time point. The MB oxidation peaks 
display a gradual increase in current signal proportional to the con
centrations of target (miR-17), whereas the signal response of Fc does 
not show an obvious change at varied concentrations of miR-17. Using 
direct electrochemical readout at room temperature, the COMET chip 
was capable of detecting miR-17 levels as low as 0.5 fM, with a dynamic 
range extending to 5 nM. A calibration curve revealed that the IMB/IFc 
increased proportionally to the miR-17 concentration (0.5 fM - 5 nM) 
(Fig. 3D). By fitting the measured data points to a four-parametric 
sigmoidal curve, the limit of detection (LOD) for miR-17 was identi
fied at 50 aM, showing its capability to detect attomolar concentrations 
of RNAs, while consuming sample/reagent volumes of less than 10 μL 
per reaction in a readout time of no more than 6 min. 

2.4. Target specificity of the COMET chip 

To assess the specificity of the COMET chip, we challenged it by 
distinguishing the target RNA from other RNAs with one to several base 

Fig. 3. Repeated and sensitive RNA detection on the COMET chip. A) Characteristic oxidation peaks of MB and Fc using SWV at three different measurement cycles: 
1st (blue line), 20th (black line) and 45th (red line). B) Reliability between repeated measurements on the COMET chip. IMB/IFc refers to the current ratio of MB and 
Fc. The blue histogram represents the signal responses of a set of measurements comprising 45 consecutive cycles. The red area highlights 37 successive stable 
measurements performed on one single chip. C) SWV scans for miR-17 quantification in the sub-fM to nM range. miR-17 with 500 nM was first quantified by 
Nanodrop, and then a serial dilution (0.5 fM – 5 nM) was performed. The COMET chip’s response was proportional to miR-17 throughout all measurements, 
indicating high precision of the developed method. D) miR-17 calibration curves for the COMET chip. Concentrations as low as 0.5 fM were detected, with a dynamic 
range up to 5 nM. The results are fitted with a four-parametric logistic fit, resulting in a limit of detection of 50 aM. Error bars represent standard deviations. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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mismatches. Compared to the MB oxidation peak recorded for 5 pM of 
miR-17, there was nearly no response for miR-155 or TTF-1 mRNA, 
which were applied in the same concentration. The IMB/IFc of miR-17 
was 7.8 and 6.8-fold higher than that of miR-155 and TTF-1 mRNA, 
respectively (Fig. 4A). Similar results were obtained in the case of miR- 
155 (Fig. 4B) and TTF-mRNA (Fig. 4C) when used as targets, respec
tively. miR-17 belongs to the miR-17/92 cluster family and since 
members of the same miRNA family often differ in only 1–2 bases, their 
respective unambiguous identification can be rather challenging. 
However, when targeting miR-17, the COMET chip was able to distin
guish the RNA of interest from non-target RNAs of the same family: miR- 
106a (1-base mismatch), miR-20a and miR-20b (2-base mismatches) (p 
< 0.0001) (Fig. 4D). As shown in Supplementary Fig. 6, one additional 
synthetic mismatch within the guide region of the crRNA can cause an 
‘open-tail’ or ‘bulges’ in the crRNA/target complex, which will severely 
reduce activation of Cas13a, and hence allow for robust RNA discrimi
nation down to a single-base mismatch. 

Next, we test the COMET chip’s ability to detect low abundance 
target RNAs in complex samples, which is critical for future clinical 
application due to the high expression of non-target RNAs in patient 

blood. The test was performed in mixtures of target (miR-17) and non- 
target RNAs (miR-155, TTF-1 mRNA or their mixture) at a 1:1000 M 
ratio (50 fM of miR-17 and 50 pM non-target RNAs) (Fig. 4E). We found 
that the COMET chip could detect miR-17 at zeptomole amounts and as 
low as 0.1% of background RNA mixture. Besides, there is no significant 
difference in electrochemical readout of solutions containing either only 
miR-17 or miR-17 within a matrix of different RNAs. 

2.5. RNA analysis in serum samples of lung cancer patients 

To investigate the potential clinical utility of the COMET chip in 
NSCLC diagnosis, we herein employ it to evaluate the abundance of miR- 
17, miR-155 and TTF-1 mRNA in serum samples from 30 healthy sub
jects (male/female = 1.5), 12 patients with benign lung disease (BLD, 
male/female = 1.4), 20 early-stage (stage I-II, male/female = 1) and 55 
late-stage (stage III-IV, male/female = 1.75) NSCLC patients with 
similar age (Supplementary Table 4). The total RNA from the serum 
samples was isolated and purified, using a commonly available RNA 
purification kit. First, to assess the risk of crosstalk between measure
ments of serum samples from NSCLC patients, miR-17, miR-155 and 

Fig. 4. Target specificity of the COMET 
chip. A) Only the target (miR-17) generated 
measurable responses, while there was no 
response for miR-155 or TTF-1 mRNA 
(several mismatches). Similar results were 
obtained in the case of miR-155 (B) and TTF- 
1 mRNA (C), when used as targets, respec
tively. crRNA-17, crRNA-155, crRNA-TTF1 
were designed to target miR-17, miR-155 
and TTF-1 mRNA (5 pM each) respectively. 
D) crRNA guide region of crRNA-17 with a 
synthetic mismatch complementary to miR- 
17 used for improved specificity. The mis
matches in crRNA or target sequences are 
highlighted in red (upper). Linear scale 
comparison of target miR-17, miR-106a 
(single mismatch), miR-20a and miR-20b 
(two mismatches) detected by the COMET 
chip, respectively (lower). E) miR-17 con
stitutes 0.1% of the RNA mixture (the initial 
miR-17 concentration of 50 fM was kept 
constant throughout these measurements). 
(Paired two tailed Student’s t test, ****P <
0.0001). (For interpretation of the references 
to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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TTF-1 mRNA (in the same sample (Fig. 5A)), and miR-17 (in four 
different samples (Fig. 5B)) were determined by turns on a single chip in 
triplicate, respectively. Also, the measurements of miR-17, miR-155 and 
TTF-1 mRNA (in the same sample) were carried out by turns on 5 in
dividual chips (Supplementary Fig. 7). The results show little variability 
between measurements and no crosstalk between serum samples. 
COMET analysis revealed that IMB/IFc of miR-17, miR-155 and TTF-1 in 
serum samples effectively allows discrimination of late-stage NSCLC 
patients from healthy subjects (p < 0.0001), while there was no obvious 
distinction between BLD patients and early-stage NSCLC patients 
(Fig. 5C, D and E). Besides, an overlap of IMB/IFc was observed between 
early-stage NSCLC patients and healthy subjects (miR-17: p < 0.05, miR- 
155: p < 0.01, TTF-1 mRNA: p < 0.001), early- and late-stage NSCLC 
patients (miR-17: p < 0.1, miR-155: p < 0.001, TTF-1 mRNA: p < 0.01), 
BLD patients and late-stage NSCLC patients (miR-17: p < 0.05, miR-155: 
p < 0.0001, TTF-1 mRNA: p < 0.001). Based on these results, none of the 
three RNAs can be handled as an effective biomarker of NSCLC by itself. 

However, when treated as an entity (3-RNA set I), the performance of 
the RNAs (miR-17, miR-155 and TTF-1 mRNA) drastically improves. 
Visualization in a 3-dimensional dot chart revealed that 3-RNA set I 
could effectively distinguish early- and late-stage NSCLC patients from 
healthy subjects (p < 0.0001, Fig. 5F). The BLD patients exhibit a 
slightly higher 3-RNA set I expression than healthy subjects (p < 0.05), 
followed by early-stage NSCLC patients (p < 0.01, compared to BLD 
patients) and finally late-stage NSCLC patients, whose 3-RNA set I is 
strongly elevated (p < 0.0001), compared to early-stage NSCLC patients. 
Receiver operating characteristic (ROC) curves for the 3-RNA set I shows 
area under curve (AUC) values of 0.923 (sensitivity = 90.7%, specificity 
= 88.1%) and 0.810 (sensitivity = 80%, specificity = 85.7%) in NSCLC 
patients (stage I-IV) and early-stage NSCLC patients (stage I-II) 
compared to non-cancer cohorts (healthy subjects and BLD patients), 
respectively. (Fig. 5I and J and Supplementary Tables 5 and 6). 

3 more RNAs (miR-19b, miR-210 and EGFR mRNA) were employed 
to improve discrimination of the serum samples (n = 10), including 1 
healthy donor, 3 BLD patients, 4 early- and 2 late-stage NSCLC patients, 
for which classification into the cohorts was not accomplishable on the 
basis of the above 3-RNA set I (Fig. 5G). Except for 1 BLD patient and 2 
early-stage NSCLC patients, all 7 samples could be effectively classified 
(Fig. 5H). Overall, inclusion of the additional 3-RNA set II (miR-19b, 
miR-210 and EGFR mRNA) into the existing 3-RNA set I (miR-17, miR- 
155 and TTF-1 mRNA) improves the AUC value to 0.977 (sensitivity =
97.3%, specificity = 95.2%) for distinguishing NSCLC patients (stage I- 
IV) from non-cancer cohorts (Fig. 5I and Supplementary Table 5). 
Notably, the 6-RNA set (3-RNA set I and 3-RNA set II) shows an AUC 
value of 0.927 in early-stage NSCLC patients compared to non-cancer 
cohorts, with a sensitivity of 90% and specificity of 95.2% (Fig. 5J 
and Supplementary Table 6). Finally, the validation experiment for 
COMET (a performance comparison with qRT-PCR) was performed by 
targeting the 3-RNA set I (miR-17, miR-155 and TTF-1 mRNA) in 10 
randomly selected serum samples (Fig. 5K and Supplementary Fig. 8). 
Compared with COMET, qRT-PCR is inferior in classifying NSCLC pa
tients of stage I-IV from non-cancer cohorts. COMET provides a more 
significant distinction (p < 0.001) between early-stage NSCLC patients 
and non-cancer cohorts than qRT-PCR (p < 0.05). Taken together, the 
COMET chip proves to be a promising tool for early-stage cancer 
detection. 

3. Discussion 

mRNAs and miRNAs in the bloodstream are promising biomarkers 
for minimally invasive cancer diagnostics. However, most methods for 
nucleic acid analysis require sophisticated measurement devices/sys
tems and extensive sample preparation, a lengthy hands-on time and 
well-trained operators. In addition, the detection of nucleic acids mostly 
relies on the use of bulky and expensive equipment, which is difficult to 
access at the POC. Here, we present a facile fusion of CRISPR/Cas and 

CHDC with a reusable electrochemical biosensor for the rapid detection 
of multiple RNAs with high sensitivity and selectivity in serum speci
mens, while also enabling a miniaturization for clinical practice. 

For the off-chip two-stage signal amplification, the Cas13a-mediated 
collateral cleavage of trigger molecules and the enzyme-free allosteric 
catalysis of CHDC were performed in one pot. We have recently 
demonstrated the CRISPR-powered electrochemical biosensing to be a 
low-cost, easily scalable, and target amplification-free tool for miRNA 
diagnostics (Bruch et al., 2019a). In this work, CHDC, an enzyme-free 
signal amplifier relying on hybridization and strand-exchange re
actions, has been employed to further increase the sensitivity for 
detecting low expression RNAs in serum of NSCLC patients. By our 
unique combination of the CRISPR/Cas13a system with the CHDC, the 
LOD of our system could be drastically reduced to attomolar concen
trations. COMET enables the RNA detection with a broad dynamic range 
of 8 orders of magnitude (50 aM to 5 nM), which surpasses the perfor
mance of the representative CRISPR/Cas13a methods, e.g., SHERLOCK 
(2–3 orders of magnitude) (East-Seletsky et al., 2016; Gootenberg et al., 
2017). The impressive dynamic range of COMET allows directly quan
titative measurement of target RNA in clinical samples, providing 
enhanced flexibility in sample preparation (Weber et al., 2010). Among 
all components, triggers are well-designed, containing two functional 
domains (rU-rU and 1*-2*-3*) to link the two stages of amplification. 
The trigger’s rU-rU is a single-stranded RNA and located in the loop 
region for two reasons: first, the activated Cas13a only cleaves 
single-stranded RNAs and prefers to cut uridines, but does not work on 
double-stranded RNAs or DNA/RNA dimers (Liu et al., 2017). Second, 
rU-rU, as unmatched ssRNA bulge structure, if introduced into the stem 
region, will increase the Gibbs free energy (ΔG) and decrease its melting 
temperature (Tm), consequently disrupt cohesion of the stem’s structure 
and affect stability of the whole trigger chain (Supplementary Fig. 9). 
Once rU-rU is cut, the trigger’s 1*-2*-3* is released as a single-stranded 
nucleic acid which will initiate the allosteric catalysis of CHDC. 

A dual-reporter (MB and Fc) approach was employed to perform 
baseline drift correction for the on-chip electrochemical measurements. 
MB and Fc were chosen because they are energetically stable, similar in 
their physical properties, and exhibit no overlap in their oxidation po
tentials (Du et al., 2014). This ratiometric correction approach largely 
reduced drift in the raw current signals from up to 34.8% to less than 
2.2%. Given this result, we are optimistic that robust and reproducible 
signals are provided by the dual-reporter drift correction. Besides, 
enzymatic regeneration of the surface Thio-DNA was employed between 
measurements to realize reusability of biosensors. The COMET chip’s 
electrode surface can be regenerated very easily (one-step) and rapidly 
(7 min), while up to 37 measurements in sequence can be achieved 
without loss of assay sensitivity. Its overall processing time for one 
measurement is only 36 min including a 6-min readout time. Notably, 
the developed reusable biosensor can fully regenerate the sensing 
interface, eliminating the risk of crosstalk between measurements or 
patient samples. These characteristics could make COMET a pioneer for 
a new generation of RNA diagnostic tools. When challenged with serum 
samples of various test populations (total n = 117), the COMET chip 
revealed the necessity of a set of multiple RNAs in order to achieve an 
accurate diagnosis of diseases, especially for early-stage cancer. The 
accuracy, sensitivity and specificity of COMET based on a panel of six 
RNAs to detect NSCLC patients at stage I-II are 92.7%, 90% and 95.2%, 
respectively. We plan to conduct a large-scale multi-site validation study 
to establish a relatively accurate threshold for on-site clinical use. The 
COMET technology harbors the potential to further be engineered and 
reconfigured in combination with other strategies, such as microfluidic 
platforms, to realize signal amplification and simultaneous detection of 
multiple RNAs on one chip, producing a high-efficiency ‘one-for-all’ 
biosensor. 

Although COMET is performed in two steps (off-chip and on-chip), 
and the guide sequence of the crRNA needs to be redesigned and syn
thesized according to various target sequences, it does not require 
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Fig. 5. Successive measurements of multiple-RNAs in serum samples. A) The IMB/IFc for miR-17, miR-155 and TTF-1 mRNA in the same serum sample of an NSCLC 
patient, determined by turns in triplicate using COMET. B) The IMB/IFc for miR-17 in four randomly selected serum samples of NSCLC patients, determined by turns in 
triplicate using COMET. C) The IMB/IFc for miR-17 in the serum of healthy subjects (n = 30), BLD patients (n = 12), NSCLC patients at stage I-II (n = 20), and stage 
III–IV (n = 55), determined using COMET. D) The IMB/IFc for miR-155 of the four cohorts (n = 117), determined using COMET. E) The IMB/IFc for TTF-1 mRNA of the 
four cohorts, determined using COMET. F) 3-Dimensional dot chart of IMB/IFc for 3-RNA set I (miR-17, miR-155 and TTF-1 mRNA) for all four cohorts. G) 10 serum 
samples out of four cohorts unclassified by 3-RNA set I, including healthy subjects (n =1), BLD patients (n = 3), NSCLC patients at stage I-II (n = 4), and stage III–IV 
(n = 2). H) 3-Dimensional dot chart of IMB/IFc for 3-RNA set II (miR-19b, miR-210, EGFR mRNA) for these 10 serum samples. I) Receiver operating characteristic 
(ROC) curve analysis of the 3-RNA set I and 6-RNA set (miR-17, miR-155, TTF-1 mRNA, miR-19b, miR-210 and EGFR mRNA) for discriminating NSCLC patients at 
stage I-IV (n = 75) from non-cancer cohorts (healthy subjects and BLD patients, n = 42), respectively. J) ROC curve analysis of 3-RNA set I and 6-RNA set for 
discriminating NSCLC patients at stage I-II (n = 20) from non-cancer cohorts (n = 42), respectively. K) Comparison of COMET with qRT-PCR by targeting 3-RNA set I 
in 10 randomly selected serum samples from four cohorts, including 2 healthy subjects, 2 BLD patients, 3 early-stage and 3 late-stage NSCLC patients. (Paired two 
tailed Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). 

Y. Sheng et al.                                                                                                                                                                                                                                   



Biosensors and Bioelectronics 178 (2021) 113027

9

complex nucleic acid amplification procedures, sophisticated equipment 
or especially trained personnel, which are needed for most of the current 
nucleic acid detection techniques. It is worth noting that the total cost of 
the chip and employed reagents can be as low as $0.27 per test (Sup
plementary Table 7). This new technology provides advantages 
including high sensitivity, low-cost, easy scalability and short assay 
time. Overall, the COMET system could be implemented in a routine 
POC diagnostic setting of early-stage cancer as well as in therapeutic 
monitoring. 
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