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A B S T R A C T

MicroRNAs (miRNAs) are promising biomarkers for cancer diagnosis due to their stability in body fluids and 
disease-specific expression profiles. However, current detection methods suffer from limitations including 
cumbersome workflows, heavy instrumentation for signal readout, or vulnerability in minimizing instrumenta
tion. To address these challenges, we describe a novel point-of-care miRNA detection platform executable with 
“off-the-shelf”, personal glucose meter (PGM), termed ‘KEY-FACT (Kinases Ensemble-driven glucose phosphor
Ylation upon Fuel-Aided CRISPR acTivation)’. Upon recognition of target miRNA, a fuel-assisted toehold- 
mediated strand displacement reactions liberate guide RNAs (gRNAs) to activate Cas13a to cleave a chimeric 
reporter probe, producing 2′,3′-cyclic adenosine monophosphates (cAMP). Subsequent dephosphorylation and 
kinases ensemble-mediated phosphorylation/dephosphorylation cycles lead cAMP to consume a large amount of 
glucose. A user can immediately measure resulting glucose level change with PGM on the spot. This strategy 
allows sensitive, prompt detection of miR-135b, a gastric cancer (GC) biomarker, with a limit of detection (LOD) 
of 1.4 pM within 2 h. KEY-FACT is specific to the target miRNA and is applicable to body fluids such as human 
serum with dilution (95.2% < recovery rates <104.3%, coefficients of variation ≤13%). Owing to its simple 
probe design, KEY-FACT was readily expanded to detect another GC biomarker, miR-21, with comparable 
sensitivity (LOD = 1.5 pM). The proposed platform fulfills minimal instrumentation and thus enables cost- 
effective, field-deployable analysis, paving the way for practical, on-demand miRNA diagnostics.
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1. Introduction

Cancer remains one of the most critical global health challenges, 
responsible for substantial morbidity and mortality worldwide 
(Collaboration, 2019; Gopal and Sharpless, 2021). In 2020, about 1.74 
million people suffered from cancer and 568,000 people died by cancer 
and the cancer-related in the United States. Based on estimates derived 
from demographic growth and trend-adjusted modeling approach, the 
incidence is expected to reach approximately 1.88 million by 2040 
(Rahib et al., 2021). Increasing incidence rates, driven by aging pop
ulations, unhealthy lifestyles, and environmental factors, underscore the 
urgency of developing effective methods for early cancer diagnosis and 
regular monitoring (Belpomme et al., 2007; Irigaray et al., 2007; Mat
suda et al., 2025). Timely diagnosis significantly improves patient 
prognosis, allows for more effective therapeutic interventions, and ul
timately reduces healthcare costs and patient burden.

Body fluids such as blood, urine, and cerebrospinal fluid (CSF) are 
convenient samples for on-demand cancer diagnosis (Pagès et al., 2022; 
Siravegna et al., 2017). Unlike tissues, they are minimally invasive, 
ready for repeated sampling, and reflect dynamic tumor changes by 
collecting overall information from biomarker expressions such as an
tigens, epigenetic alterations, long non-coding RNAs, and microRNAs 
(miRNAs) (Anfossi et al., 2018; Kanda and Kodera, 2015; Patel et al., 
2017). miRNAs, small non-coding RNA molecules (~22 nt) involved in 
post-transcriptional regulation of gene expression, are stable in biolog
ical fluids and their specific, aberrant expressions indicate cancer types 
and stages (Adams et al., 2014; Lin and Gregory, 2015; Xi et al., 2007). 
These features have positioned miRNAs as potent biomarkers for 
monitoring cancers.

For miRNA detection, various approaches have been developed such 
as Northern blotting, flow cytometry, microarray, and real-time reverse 
transcription polymerase chain reaction (RT-qPCR), each striving to 
achieve high sensitivity and accuracy, and some of them have been 
routinely implemented in specialized centers (e.g., hospitals, diagnostic 
research laboratories) (Git et al., 2010; Porichis et al., 2014; Pritchard 
et al., 2012). Of these, RT-qPCR has been widely utilized due to ease of 
use. However, there still remain intrinsic, unresolved flaws. Short length 
of miRNA sequences is not readily compatible with RT-qPCR. To reserve 
a priming site, 3′-poly adenylation should be preceded. Further reactions 
need precise temperature control and signal acquisition, forcing the use 
of bulky, expensive devices.

Isothermal amplification techniques, which are executable at a 
constant temperature, have emerged as a compelling alternative such as 
strand displacement amplification (SDA), loop-mediated isothermal 
amplification (LAMP), recombinase polymerase amplification (RPA), 
and rolling circle amplification (RCA) (Mohsen and Kool, 2016; Notomi 
et al., 2000; Piepenburg et al., 2006; Walker et al., 1992). They have 
since been tailored to well accommodate short miRNA targets with 
ingenious design and aid of nucleic acid-modifying enzymes (Deng et al., 
2017; Kim et al., 2021; Song et al., 2022). They amplify and transduce a 
single recognition event into a substantially huge signal without pre
treatment (i.e. poly adenylation) to a target miRNA.

The integration of clustered regularly interspaced short palindromic 
repeats (CRISPR)/Cas systems further enhanced sensitivity and speci
ficity by taking advantage of collateral cleavage activity (or trans- 
cleavage activity) that indiscriminately cleaves single-stranded nucleic 
acids upon target sequence recognition by guide RNAs (gRNAs) (Chen 
et al., 2018; Chi et al., 2022; Guo et al., 2023; Kellner et al., 2019; Lee 
et al., 2024; Qu et al., 2025; Song et al., 2024; Xia et al., 2024; Zhu et al., 
2023). gRNA specifically binds to a target site of amplicons produced by 
intended upstream assay workflows, activating collateral cleavage ac
tivity of Cas on reporter probes to amplify detection signal. Such history 
of streamlining processes yet advancing performances has encouraged 
researchers to envision miRNA detection in point-of-care (POC) sce
narios. However, these systems are tied to expensive, sophisticated 
laboratory equipment such as microplate readers, real-time PCR 

machines, and spectrophotometers in measuring signals, leaving on-site 
signal readout as a technical hurdle.

To leap over this hurdle, a smartphone was introduced as a mea
surement device (Baker et al., 2025; Huang et al., 2019; Yu et al., 2014). 
It is portable and has built-in optical sensors and computational capa
bilities, enabling prompt integration with assays. However, its signaling 
is susceptible to external interferences (i.e. ambient light, electrical 
noises) and likely to vary from device to device, resulting in failures of 
attaining reliability and standardization (Baker et al., 2025; Fu et al., 
2024). Most developments thus remain confined to research prototypes. 
A pragmatic breakthrough would be to repurpose “off-the-shelf” de
vices. They are well validated in the public domain, and leveraging them 
as measurement devices would accelerate development timelines, 
reduce costs, and ensure high reliability as well as user acceptance. Upon 
completion of development, established distribution networks would 
facilitate penetration of the detection systems into healthcare practices.

Aligned with this strategy, we herein describe a novel POC miRNA 
detection system, termed ‘KEY-FACT’ (Kinases Ensemble-driven glucose 
phosphorYlation upon Fuel-Aided CRISPR acTivation). An isothermal 
Fuel-Aided CRISPR acTivation (FACT) proceeds and a kinase ensemble 
(MK, PK, and HK) drives post-reaction products from specially designed 
reporter probes to induce glucose level changes. A personal glucose 
meter (PGM), commonly used for home glucose monitoring, reads sig
nals. More specifically, a target miRNA repeatedly liberates blocked 
gRNAs, RNA molecules that program Cas13a to recognize complemen
tary target sequences, but are initially rendered inactive through hy
bridization with blocking strands, with the aid of fuels, a designed strand 
that drives toehold-mediated strand displacement (TMSD) to regenerate 
active gRNA, thereby activating multiple Cas13a enzymes. The activated 
Cas13a selectively cleaves the phosphodiester bond between di- 
ribonucleotides of chimeric reporter probes (5′-PO4-auTCCCA-3’; 
lowercase denotes RNA and uppercase denotes DNA), specifically at the 
riboadenosine-ribouridine (a-u) motif, a minimal RNA di-ribonucleotide 
sequence susceptible to activated Cas13, releasing 2′,3′-cyclic adenosine 
monophosphates (cAMPs) (Gootenberg et al., 2018). T4 PNK and ki
nases ensemble, as demonstrated in our previous research (Park et al., 
2022), leads cAMP to consume a large amount of glucose through cyclic 
phosphorylation/dephosphorylation reactions, termed ‘KEY (Kinases 
Ensemble-driven glucose phosphorYlation)‘. Users immediately analyze 
the target miRNA on the spot with the PGM. We validated the strategy of 
KEY-FACT and evaluated its analytical performances, taking miR-135b 
as a model target, whose expression level is known to associated with 
gastric cancer (GC) carcinogenesis and gastric inflammation (Han et al., 
2019). Owing to simple probe design of KEY-FACT, we expanded it to 
detection of miR-21, another GC biomarker (Sekar et al., 2016; Wu et al., 
2015). The combination of expandability and on-site analysis would 
bring on-demand cancer management closer to the reality.

Moreover, KEY-FACT establishes a mechanistically distinct frame
work from conventional CRISPR-based PGM platforms that rely on 
direct CRISPR activation, invertase immobilization-release strategies, or 
upstream nucleic acid amplification to achieve sufficient sensitivity (Li 
et al., 2025). The programmable signal amplification architecture inte
grating fuel-driven gRNA regeneration and a kinase ensemble-mediated 
glucose phosphorylation cascade, enables target recycling without 
conventional enzymatic reactions and introduces a dual-layer signal 
propagation mechanism that enhances sensitivity. Through this design, 
KEY-FACT expands the conceptual scope of CRISPR-based PGM systems 
beyond conventional collateral cleavage-triggered signal conversion 
toward a modular, nucleic acid amplification-free, yet 
cascade-enhanced detection strategy.

2. Results and discussion

2.1. Overall scheme and feasibility of KEY-FACT

FACT reaction puts gRNAs in a good shape to activate Cas13as with 
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the aid of fuel in response to a target miRNA. KEY reaction uses AMP to 
drive glucose consumption via a series of phosphorylation/dephos
phorylation reactions mediated by kinases ensemble. A specially 
designed chimeric reporter probe (sequence, Table S1) bridges FACT 
and KEY reactions with the aid of T4 PNK (Scheme 1). Initially, gRNA is 
arrested by a pair of blockers (blocker-1 and blocker-2), complementary 
blocking strands designed to hybridize with gRNA and temporarily 
suppress it to prevent premature Cas13a activation, while leaving a site 
to recognize a target miRNA at the 3’-end. Upon target miRNA binding 
to this reserved site, blocker-2 is displaced through TMSD, offering a site 
for fuel strand engagement. By anchoring to this exposed site amid 
gRNA, the fuel strand gradually liberates gRNA, displacing target 
miRNA and blocker-2. That is, it binds to gRNA in a way that gRNA 
becomes competent to guide Cas13a to exert the RNA-specific collateral 
cleavage activity. Cas13a then cuts the phosphodiester bond between di- 
ribonucleotides (a-u) of the chimeric reporter probe, leaving cAMP 
residues (Fig. S1). T4 PNK dephosphorylates cAMP into AMP, calling on 
the kinases ensemble to carry out phosphorylation/dephosphorylation 
reactions for glucose consumption. MK phosphorylates AMP into aden
osine 5′-diphosphate (ADP). Outsourcing the phosphate group from PEP, 
a cyclic reaction commences. ADP continuously exchanges the phos
phate group with ATP, transforming glucose into glucose-6-phosphate 
(G6P). The resulting change of glucose level (PGM signal; P) is imme
diately read by the PGM on the spot. Importantly, the displaced target 
miRNA is recycled to trigger another Cas13a activation reaction in FACT 
reaction, Cas13a′s collateral cleavage activity has high-turnover rate 
(kcat/KM = 3.3(±0.2) x 106 M− 1 S− 1) (Nalefski et al., 2021), and KEY 

reaction is based on the cyclic reaction (i.e. cyclic phosphate exchange), 
all of which assume high sensitivity.

We first optimized key reaction conditions of FACT that govern the 
overall assay (Figs. S2–S4 in S2). We then verified that KEY proceeds as 
we intended by testing various conditions (Fig. S5(a) in S3). The verified 
reactions were integrated and they were confirmed to be compatible 
(Fig. S5(b) in S4). Being encouraged from the preliminary validation, we 
explored the full KEY-FACT assay (Fig. 1). As expected, PGM signal is 
significantly altered when fuel is only added to simulate maximal re
action efficiency (1, Fig. 1(a)). miR-135b induces comparable PGM 
signal change with the aid of fuel (5). However, omitting fuel or miR- 
135b prevented gRNA release from the blocker pair, resulting in negli
gible PGM signal changes (2, 3, and 4). Fluorescence mode with F/Q 
reporter instead of PGM reporter and gel electrophoresis support these 
results (Fig. 1(b) and (c)). miR-135b intensively elevates fluorescence 
signal together with fuel, being close to the case of theoretically 
maximal reaction efficiency (red and navy). In contrast, minimal 
fluorescence was observed over time without miR-135b or fuel (gray, 
blue, green, and orange). Indeed, bands for blocker-1/blocker-2/ 
gRNA complex are retained when 135b or fuel is applied alone (green 
box, 5, 10, and 13, Fig. 1(c)). The bands for blocker-1/blocker-2/gRNA 
complex are even invulnerable to intrusion of higher concentrations of 
fuel without miR-135b (green box, 5, 11, and 12, Fig. 1(c)). miR-135b 
forms a band for blocker-1/miR-135b/gRNA complex, displacing 
blocker-2 from gRNA. But, it cannot go further without the aid of fuel 
(purple box, 8 and 13, Fig. 1(c)). However, joining of fuel regenerates 
gRNA by taking advantage of the toehold to displace miR-135b and 

Scheme 1. miRNA detection principle of KEY-FACT. With the aid of fuel, target miRNA repeatedly liberates gRNA to activate Cas13a, displacing blocker pair. 
CRISPR complex (Cas13a/gRNA) cuts out cAMP from chimeric PGM reporter probe. T4 PNK dephosphorylates cAMP into AMP and MK phosphorylates AMP into 
ADP. PK and MK let ADP and AMP incessantly exchange phosphate group each other, phosphorylating a large amount of glucose into G6P. PGM promptly reads 
resulting signal change.
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blocker-1. New bands for fuel/gRNA complex emerge (red box) while 
those for blocker-1/blocker-2/gRNA complex disappear (green box, 5, 
6, and 14, Fig. 1(c)). Meanwhile, indefinable bands are detected above 
the primary fuel/gRNA band in lane 14. This band is most plausibly 
attributed to intermediate complexes formed during multistep TMSD 
(Fig. S6). As the fuel displaces miR-135b and blocker-1 in a stepwise 
fashion, the reaction transiently generates partially displaced or 
branched complexes that coexist under dynamic equilibrium. Although 
further investigation is needed to assign these species definitively, their 
presence aligns well with established TMSD mechanisms and likely ex
plains the extra bands observed in lane 14. Overall, the results ensure 
that KEY-FACT is feasible and operates as we envisioned.

2.2. Performance of KEY-FACT

To further enhance the assay performance of KEY-FACT, we opti
mized several reaction conditions (Fig. S7 in S5). We then assessed 
sensitivity of KEY-FACT (Fig. 2(a and b)). Serially diluted miR-135b 
samples were prepared and analyzed. PGM signal changes increase 

with miR-135b concentrations and are linearly commensurate loga
rithmical miR-135b concentrations from 10 pM to 1 nM (ΔP = 12.214 x 
Log([miR-135b] (nM)) + 25.733, R2 = 0.9879). Based on the 3σ/S cri
terion, where σ is the standard deviation obtained from three indepen
dent replicate measurements (n = 3) at the lowest target concentration 
(10 pM) within the linear range and S is the slope, the limit of detection 
(LOD) was determined to be 1.4 pM. When compared to a 1-to-1 reaction 
system in which RNA activators directly bind to and activate CRISPR 
complexes (Fig. S8), KEY-FACT was much more sensitive. It should be 
noted that the same gRNA was used to prevent sequence-induced bias 
and accordingly fuel served as an RNA activator in the 1-to-1 system. 
Although the ΔP versus concentration plot for the 1-to-1 reaction system 
visually exhibits a slight negative slope, the linearity is extremely small 
(R2 = 0.0108), indicating minimal concentration-dependent signal 
variation within the tested range. Considering the reaction mechanism 
of the 1-to-1 configuration, where target recycling is not involved, the 
signal output is inherently limited. Therefore, it is reasonable to inter
pret that the 1-to-1 reaction system exhibits negligible analytical 
responsiveness. We also compared KEY-FACT with previous PGM-based 

Fig. 1. Feasibility of KEY-FACT. (a) When both fuel and miR-135b are present, PGM signal change (ΔP) is significant (1, 5). However, signal change is weak when 
either of them is absent (3, 4). ΔP = P0 – P, where P0 is PGM signal in the absence of blocker pair, 23 mer fuel, and miR-135b. *p = 0.0668 (>0.05), **p < 0.0001. 
Fluorescence (F) (b) and polyacrylamide gel electrophoresis (c) results support those of PGM. Fluorescence signal significantly increases only in the presence of both 
fuel and miR-135b (1, 3, 4, and 5 in (b)). p value between 1 and 5 was determined to be 0.6176 (>0.05) based on fluorescence signals at 90 min, the FACT reaction 
time. In the electrophoretic result, fuel or miR-135b does not banish bands for blocker-1/blocker-2/gRNA alone (green box, 5, 10, and 13 in (c)). The bands tolerate 
with higher concentrations of fuel (green box, 5, 11, and 12 in (c)). In the case of miR-135b, it leads to another band for blocker-1/miR-135b/gRNA by displacing 
blocker-2 through TMSD (purple box, 8 and 13 in (c)). On the other hand, when both components are added, bands for fuel/gRNA are observed (red box, 6 and 14 
in (c)), while those for blocker-1/blocker-2/gRNA get faint (green box). Overall, the results are consistent, proving that miR-135b and fuel cooperatively regenerate 
gRNA to activate Cas13a, and high-fidelity generation of cAMP and its phosphorylation into AMP transduce FACT reaction into PGM signals. In (a), FACT reaction 
time = 90 min, KEY reaction time = 30 min, [gRNA] = 40 nM, [Cas13a] = 40 nM, [PGM reporter] = 250 μM, [23 mer Fuel] = 20 nM, [Blocker-1 and 16 mer Blocker- 
2] = 60 nM, [T4 PNK] = 1 U/μL, [miR-135b] = 25 nM. In (b), BL indicates the blank sample with none of blocker pair, 23 mer fuel, and miR-135b. PGM reporter is 
replaced with F/Q reporter (Table S1) and the KEY reaction components and T4 PNK were not included. [F/Q reporter] = 500 nM. In (c), FACT reaction 
time = 90 min; lanes M and 1 to 4 serve as size markers and following conditions were used: M = FastRuler Ultra Low Range DNA Ladder (Thermo Fisher Scientific), 
[gRNA] = 320 nM, [Blocker-1 and 16 mer Blocker-2] = 480 nM, [23 mer Fuel] = 160 nM, [miR-135b] = 400 nM; lanes 5 to 14 serve as samples under different 
situations and following conditions were used: [gRNA] = 320 nM, [Blocker-1 and 16 mer Blocker-2] = 480 nM, [23 mer Fuel] = 20 nM for ‘+’, 40 nM for ‘++’, 
120 nM for ‘+++’, [miR-135b] = 100 nM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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miRNA detection methods (Table S2) (Deng et al., 2018; Ding et al., 
2024; Fu et al., 2021; Gong et al., 2021; Huang et al., 2020; Si et al., 
2019; Wang et al., 2023; Wu et al. 2018, 2019). The sensitivity is better 
than or comparable to most of them. KEY-FACT is also quite streamlined 
in setting up and implementing the assay compared to the previous ones. 
Existing PGM-based miRNA detection strategies require labor-intensive 
preparation of sensing materials such as enzyme-DNA conjugation, 
functionalization of magnetic beads or well plates, and repeated mag
netic washing/separation steps to gate reaction products from glucose 
generation. These steps are inherent to these prior systems because 
glucose must be produced only after the target recognition event. 
KEY-FACT fundamentally departs from this scheme. By directly coupling 
Cas13a collateral cleavage to kinases-driven cyclic phosphate exchange 
in a homogenous, solution phase reaction, KEY-FACT is free of any 
immobilization, enzyme labeling, physical separation, or gating pro
cedures. All molecular events including target recognition, signal 
amplification, and glucose consumption proceed within a single tube 
using commercially available enzymes and nucleic acid probes. This 
architecture represents a qualitatively distinguished mode of 
PGM-based signal transduction and establishes KEY-FACT as a simpli
fied, decentralized miRNA diagnostics. This aspect is worthy of off
setting sensitivity inferiority against those with lower detection limits.

In addition, KEY-FACT was specific to the target RNA, miR-135b. 
PGM signal change is exclusively high toward miR-135b, which is 
quite distinct from off-target signal changes against miRNAs with single 
base difference (Fig. 2(c)). The origin of this specificity arises from the 
following recognition layers embedded in the KEY-FACT architecture. 
First, the spacer sequence of the gRNA is rationally designed to be fully 
complementary to the target miRNA, ensuring sequence-specific base 
pairing. Even single-base mismatches reduce hybridization stability, 
thereby lowering the probability of forming an effective gRNA-fuel 
duplex. Second, liberation of gRNA depends on TMSD, a kinetically 
controlled process that requires precise complementarity at the toehold 
and branch migration domains. Mismatched sequences substantially 
slow strand displacement kinetics or fail to efficiently displace blocker 
strands, preventing effective regeneration of active gRNA. These 
sequential recognition events collectively function as molecular check
points, assuring specificity while minimizing off-target activation. As a 
result, only miR-135b, correctly matched target, leads to a significant 

PGM readout through the FACT and KEY reactions.

2.3. Practical applicability of KEY-FACT

We applied KEY-FACT to miR-135b detection in human serum to 
verify its practical applicability (Fig. 3). Human serum contains various 
proteins, hormones, metabolites, etc. Some of these such as glucose, 
alkaline phosphatase, and ATP might interfere with application of KEY- 
FACT. In particular, ATP is present at μM levels in serum (Gorman et al., 
2007) and it can independently initiate kinases-mediated cyclic phos
phorylation/dephosphorylation reactions to consume glucose and lower 
PGM signals even in the absence of target miRNA (Scheme 1 and Fig. S5 
(a)). So, we first checked how much percentage of serum KEY-FACT 
withstands. Consistent with this mechanism, PGM signals markedly 
decrease when serum is diluted up to 10%, whereas at 1% dilution, PGM 
signals remain stable (Fig. 3(a)). KEY-FACT detects miR-135b like it 
does in 0% serum. To prevent ATP-induced background PGM signal 
reduction, we selected 1% serum as the working dilution and spiked 
known miR-135b concentrations in it. We then analyzed the prepared 
samples with KEY-FACT to obtain a standard curve of PGM signal 
changes versus known miR-135b concentrations (ΔP = 9.818 x Log 
([miR-135b] (nM)) + 22.70, R2 = 0.9767; inset in Fig. 3(b)). Based 
on the established standard curve, we determined unknown miR-135b 
concentrations (Fig. 3(c)). As a result, recovery rates were 95.2% 
~104.3% and coefficients of variation (CVs) were ≤13%. Though 
reproducibility needs improvement, precision is satisfactory, indicating 
a great potential to body fluids. To expand applicability to higher % 
serum, a filter with an appropriate molecular weight cut-off (MWCO) 
can be used to remove low MW interferents such as ATP (MW ≈ 0.5 kDa) 
while retaining miR-135b (MW ≈ 7 kDa). For example, an Amicon® 
Ultra centrifugal filter (3 kDa MWCO, Millipore) would remove most 
ATP while concentrate miR-135b by about 30-fold, which would facil
itate sensitive detection.

To further strengthen the practical applicability of KEY-FACT, we 
applied it to cellular miRNA analysis. We cultured GC (SNU-601, SNU- 
638), breast cancer (HeLa, MDA-MB-231) and normal (NIH3T3) cell 
lines and extracted total RNA. We then analyzed miR-135b expression 
levels with KEY-FACT assay and RT-qPCR (Fig. 4 and S9). PGM signal 
changes are consistent with results from RT-qPCR (Pearson r = 0.9749, 

Fig. 2. Detection performance of KEY-FACT. (a) Quantitative analysis of miR-135b with KEY-FACT. We analyzed serially diluted miR-135b samples. PGM signal 
changes (ΔP) get larger with increasing miR-135b concentrations. (b) Sensitivity of KEY-FACT. Linear relationship was established between 10 pM and 1 nM (ΔP =
12.214 x Log([miR-135b] (nM)) + 25.733, R2 = 0.9879). Based on this, LOD was calculated to be 1.4 pM. KEY-FACT, composed of multiple amplification modules, 
outperforms 1-to-1 system (Fig. S8) in sensitivity. Target indicates miR-135b for KEY-FACT and 23 mer Fuel for 1-to-1 system. (c) Specificity of KEY-FACT. The assay 
shows high signal change to miR-135b, while being dull to the other non-target miRNAs. [miRNA] = 25 nM. In KEY-FACT, ΔP = P0 – P, where P0 is PGM signal with 
no miR-135b. FACT reaction time = 90 min, KEY reaction time = 30 min, [gRNA] = 40 nM, [Cas13a] = 40 nM, [PGM reporter] = 250 μM, [23 mer Fuel] = 20 nM, 
[Blocker-1 and 16 mer Blocker-2] = 60 nM, [T4 PNK] = 1 U/μL. In the 1-to-1 system, P0 is PGM signal with no 23 mer Fuel. 1-to-1 reaction time = 90 min. KEY 
reaction time and concentrations of gRNA, Cas13a, PGM reporter, and T4 PNK are the same with those of KEY-FACT, whereas Blocker-1, 16-mer Blocker-2, and miR- 
135b are not involved.
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Fig. 4(b)). In particular, PGM signal is significantly altered for SNU-601, 
but almost retained for SNU-638 and NIH3T3. This result matches with 
the previous report that miR-135b is highly expressed in SNU-601, but 
not in SNU-638, a metastatic GC cell line, and NIH3T3, normal mouse 
fibroblast cell line (Lim et al., 2022). The overall results support our 
perspective that KEY-FACT would be a plausible tool to diagnose cancer 
biomarkers on the spot with persistent improvement.

Building on the simple probe design, we expanded KEY-FACT assay 
to another target miRNA. We targeted miR-21, a well-known oncogene 
for GC (Sekar et al., 2016; Wu et al., 2015). We first checked if the 
designed probes work well. As shown in Fig. 5(a), we obtained PGM 
signal change close to that of theoretically maximal reaction upon the 
addition of miR-21 and fuel together. We then assessed the sensitivity by 
testing serially diluted miR-21 samples (Fig. 5(b)). PGM signal changes 
linearly correlate with logarithmic miR-21 concentrations in the range 
from 10 pM to 1 nM (ΔP = 10.617 x Log([miR-21] (nM)) + 23.228, 
R2 = 0.9925, Inset in Fig. 5(b)). According to 3σ/S criterion, LOD is 1.5 
pM for miR-21. KEY-FACT holds high specificity to miR-21 as well 
(Fig. 5(c)). In the presence of miR-21, PGM signal change is intense. 
However, it is negligible against the other miRNAs. Thus, KEY-FACT is 

ready as well as expandable to another target miRNA of clinical demand.

3. Conclusions

We developed KEY-FACT, a novel, POC miRNA detection system by 
bridging fuel-aided CRISPR/Cas13a activation (i.e. FACT reaction) with 
kinases ensemble-mediated glucose consumption (i.e. KEY reaction). 
Ingeniously designed PGM reporter, designed to release cAMP upon 
CRISPR activation, undergoes enzymatic transformation to trigger 
glucose consumption, which enables on-site miRNA detection with 
PGM. Especially, this defies the conventional practices of the previous 
PGM-based approaches (Table S2) – i) enzyme-labeled probes (e.g., 
invertase, sucrase), which are high-cost and complicated, should be used 
to convert a signaling substrate into glucose, ii) washing/separation 
steps should be involved to gate reaction products from the unreacted. 
Integration of toehold-mediated gRNA regeneration, high-turnover 
collateral cleavage activity of Cas13a, and cyclic phosphate exchange 
reaction ends up with intensively altering glucose level in response to a 
target miRNA. As a result, KEY-FACT detected miR-135b, a GC 
biomarker miRNA, down to 1.4 pM. Its clinical applicability was 

Fig. 3. Determination of miR-135b in human serum with KEY-FACT. (a) Human serum containing proteins, hormones, metabolites (including ATP), etc. might affect 
the operation of KEY-FACT. To prevent interference, we diluted serum for testing and KEY-FACT retained its detection performance below 1%. *p < 0.0001, 
**p > 0.05. (b) We thus analyzed known concentrations of miR-135b spiked in 1% serum and constructed a standard calibration curve over the range, where linear 
relationship was made (ΔP = 9.818 x Log([miR-135b] (nM)) + 22.70, R2 = 0.9767, inset in (b); ΔP = P0 – P, where P0 is PGM signal with no miR-135b in 1% serum). 
(c) Based on the standard curve, we determined miR-135b in serum and achieved satisfactory precision and reproducibility. Recovery rates were 95.2 ~ 104.3% and 
CVs were ≤13%.
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demonstrated through its application to diluted human serum 
(95.2% < recovery rates <104.3%, CVs ≤13%). Moreover, KEY-FACT 
further exhibited translational potential by differentiating pre-clinical 
cellular samples with distinct miRNA expression patterns, consistent 
with RT-qPCR results and previous reports (Lim et al., 2022). Building 
on these results, future work will focus on conducting assays with 
clinical samples to reinforce and validate the clinical relevance of 
KEY-FACT in real-world diagnostic settings. In addition, KEY-FACT in
troduces a fundamentally new modality of PGM biosensors rather than 
an incremental adaptation of existing designs and its simple probe 
design would broaden applicable range as demonstrated by another 
miRNA detection (i.e. miR-21).

Going forward, several refinements could further enhance KEY- 
FACT's performance. First is to establish one-step protocol by delicately 
optimizing reaction conditions. This will eliminate the hands-on step 
between FACT and KEY reactions and streamline overall assay. Second is 
to take advantage of more efficient CRISPR effectors. Comparative 
evaluation of Cas variants revealed that LbaCas12a with DNA-targeting 

collateral cleavage activity was not compatible with KEY-FACT because 
KEY-FACT requires RNA-guided cleavage of the chimeric reporter probe 
at the phosphodiester bond between di-ribonucleotides (a-u) (Table S1). 
Meanwhile, LbuCas13a exhibits faster collateral cleavage kinetics and 
higher sensitivity than LbaCas13a in both fluorescence and PGM mea
surements, underscoring that the choice of Cas enzyme critically shapes 
the analytical performance of KEY-FACT (Fig. S10). Adopting more 
advanced Cas13 effectors, either existing or yet-to-be-developed, could 
therefore strengthen future versions of KEY-FACT without altering the 
streamlined workflow. Third is to upgrade the PGM device, which 
encompass several efforts. i) the device should be equipped with mul
tiple measurement setups (Ho et al., 2018; Khan et al., 2023). In general, 
the more types of miRNA biomarkers are analyzed, the higher the 
diagnostic accuracy becomes for cancer (Guo et al., 2014; Sun et al., 
2018), ii) one of the measurement setups should be assigned to the 
reference (Shinwari et al., 2010). This standardizes detection signals, so 
users directly interpret results, iii) intrinsic sensitivity of the device for 
glucose should be improved. With these endeavors, KEY-FACT can be 

Fig. 4. Cellular miR-135b analysis with KEY-FACT. (a and b) RNA extracted from cell lines were analyzed by KEY-FACT and RT-qPCR for miR-135b. KEY-FACT 
discriminatively detect miR-135b and the results are consistent with those from RT-qPCR (Pearson r = 0.9749). PGM signal changes (ΔP) and threshold cycle changes 
(ΔCt) for miR-135b are normalized by ΔCt of U6 small nuclear RNA (U6 snRNA), an internal reference, to prevent distortion from sampling. ΔP = P0 – P; ΔCt = Ct,0 – 
Ct, where P0 and Ct,0 are PGM signal and Ct at blank.

Fig. 5. Application of KEY-FACT to detection of another target miRNA. Capitalizing on simple probe design of KEY-FACT, we also targeted miR-21. (a) Feasibility of 
KEY-FACT for miR-21 detection. Leveraging fuel, KEY-FACT exhibits significant PGM signal change (ΔP) to miR-21, which is close to presumably maximal reaction 
progress (p > 0.05 between 1 and 5). ΔP = P0 – P, where P0 is PGM signal in the absence of blocker pair, fuel, and miR-21. [miR-21] = 25 nM. (b) Sensitivity of KEY- 
FACT for miR-21. Linear relationship was made between 10 pM and 1 nM (ΔP = 10.617 x Log([miR-21] (nM)) + 23.228, R2 = 0.9925; inset in (b)) and LOD was 
determined to be 1.4 pM. (c) Designed probe is specific to miR-21 as evidenced by exclusively high PGM signal change in response to miR-21. [miRNA] = 25 nM. ΔP 
= P0 – P, where P0 is PGM signal with no miR-21.
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adapted to diverse nucleic acid biomarkers of clinical significance and 
holds strong promise for decentralized, on-demand molecular di
agnostics, especially for cancer.

4. Experimental section

The ‘Experimental section’ is described in detail in ‘S1. Experi
mental section’ of the Supplementary Information.

CRediT authorship contribution statement

Hyojeong Kim: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Validation, Writing – original draft, Writing 
– review & editing. Dongchan Kim: Conceptualization, Data curation, 
Formal analysis, Investigation, Methodology, Validation, Writing – 
original draft, Writing – review & editing. Hyogu Han: Investigation, 
Methodology. Changyeon Lee: Conceptualization, Investigation, 
Writing – review & editing. Yoon Ho Roh: Conceptualization, Investi
gation, Writing – review & editing. Tae-Su Han: Investigation, Meth
odology, Resources. Eun-Kyung Lim: Investigation, Methodology, 
Resources. Juhyuk Park: Conceptualization, Investigation, Writing – 
review & editing. Jun Ki Ahn: Conceptualization, Investigation, Writing 
– review & editing. Taejoon Kang: Conceptualization, Data curation, 
Funding acquisition, Investigation, Project administration, Writing – 
original draft, Writing – review & editing. Juyeon Jung: Conceptuali
zation, Data curation, Funding acquisition, Investigation, Project 
administration, Resources, Writing – original draft, Writing – review & 
editing. Chang Yeol Lee: Conceptualization, Data curation, Formal 
analysis, Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Supervision, Validation, Writing – original 
draft, Writing – review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgment

This work was supported by NRF and NST grants funded by Korea 
government (MSIT) (RS-2025-00553546, 2023R1A2C2005185, RS- 
2024-00348576, RS-2024-00459749, RS-2025-00554718, 
2020R1A5A1018052, and GTL25061-000), KEIT grants funded by 
Korea government (MOTIE) (RS-2022-00154853, RS-2024-00432382, 
and RS-2024-00403563), KHIDI grant funded by Korea government 
(MOHW) (RS-2025-02213315), IPET grant funded by Korea government 
(MAFRA) (RS-2024-00401639), KRIBB Research Initiative Program 
(KGM1322511, KGM1032511), and the Program for Connects Re
searchers between University and GRI (ZYM6182511). Some of the 
figures in this work were created with BioRender.com.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bios.2026.118568.

Data availability

Data will be made available on request.

References

Adams, B.D., Kasinski, A.L., Slack, F.J., 2014. Aberrant regulation and function of 
microRNAs in cancer. Curr. Biol. 24 (16), R762–R776.

Anfossi, S., Babayan, A., Pantel, K., Calin, G.A., 2018. Clinical utility of circulating non- 
coding RNAs—an update. Nat. Rev. Clin. Oncol. 15 (9), 541–563.

Baker, D.V., Bernal-Escalante, J., Traaseth, C., Wang, Y., Tran, M.V., Keenan, S., 
Algar, W.R., 2025. Smartphones as a platform for molecular analysis: concepts, 
methods, devices and future potential. Lab Chip 25, 884–955.

Belpomme, D., Irigaray, P., Sasco, A., Newby, J., Howard, V., Clapp, R., Hardell, L., 2007. 
The growing incidence of cancer: role of lifestyle and screening detection. Int. J. 
Oncol. 30 (5), 1037–1049.

Chen, J.S., Ma, E., Harrington, L.B., Da Costa, M., Tian, X., Palefsky, J.M., Doudna, J.A., 
2018. CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase 
activity. Science 360 (6387), 436–439.

Chi, Z., Wu, Y., Chen, L., Yang, H., Khan, M.R., Busquets, R., Huang, N., Lin, X., Deng, R., 
Yang, W., 2022. CRISPR-Cas14a-integrated strand displacement amplification for 
rapid and isothermal detection of cholangiocarcinoma associated circulating 
microRNAs. Anal. Chim. Acta 1205, 339763.

Collaboration, G.B.D.C., 2019. Global, regional, and national cancer incidence, 
mortality, years of life lost, years lived with disability, and disability-adjusted life- 
years for 29 cancer groups, 1990 to 2017: a systematic analysis for the global burden 
of disease study. JAMA Oncol. 5 (12), 1749–1768.

Deng, K., Zhang, Y., Tong, X., 2018. Sensitive electrochemical detection of microRNA-21 
based on propylamine-functionalized mesoporous silica with glucometer readout. 
Anal. Bioanal. Chem. 410 (7), 1863–1871.

Deng, R., Zhang, K., Li, J., 2017. Isothermal amplification for microRNA detection: from 
the test tube to the cell. Acc. Chem. Res. 50 (4), 1059–1068.

Ding, H., Xu, Y., Fang, F., Wang, H., Chen, A., 2024. Functionalized primer initiated 
signal cycles and personal glucose meter for sensitive and portable miRNA analysis. 
Biotechniques 76 (7), 333–341.

Fu, P., Xu, M., Xing, S., Zhao, Y., Zhao, C., 2021. Dual cascade isothermal amplification 
reaction based glucometer sensors for point-of-care diagnostics of cancer-related 
microRNAs. Analyst 146 (10), 3242–3250.

Fu, W., Fu, X., Li, Z., Liu, Z., Li, X., 2024. Advances in smartphone assisted sensors for on- 
site detection of food safety based on fluorescence on-off-on mode: a review. Chem. 
Eng. J. 489, 151225.

Git, A., Dvinge, H., Salmon-Divon, M., Osborne, M., Kutter, C., Hadfield, J., Bertone, P., 
Caldas, C., 2010. Systematic comparison of microarray profiling, real-time PCR, and 
next-generation sequencing technologies for measuring differential microRNA 
expression. RNA 16 (5), 991–1006.

Gong, S., Li, J., Pan, W., Li, N., Tang, B., 2021. Duplex-specific nuclease-assisted CRISPR- 
Cas12a strategy for microRNA detection using a personal glucose meter. Anal. Chem. 
93 (30), 10719–10726.

Gootenberg, J.S., Abudayyeh, O.O., Kellner, M.J., Joung, J., Collins, J.J., Zhang, F., 
2018. Multiplexed and portable nucleic acid detection platform with Cas13, Cas12a, 
and Csm6. Science 360 (6387), 439–444.

Gopal, S., Sharpless, N.E., 2021. Cancer as a global health priority. JAMA 326 (9), 
809–810.

Gorman, M.W., Feigl, E.O., Buffington, C.W., 2007. Human plasma ATP concentration. 
Clin. Chem. 53 (2), 318–325.

Guo, J., Zhu, Y., Miao, P., 2023. Nano-impact electrochemical biosensing based on a 
CRISPR-responsive DNA hydrogel. Nano Lett. 23 (23), 11099–11104.

Guo, Z., Zhao, C., Wang, Z., 2014. MicroRNAs as ideal biomarkers for the diagnosis of 
lung cancer. Tumour Biol. 35 (10), 10395–10407.

Han, T.-S., Voon, D.C.-C., Oshima, H., et al., 2019. Interleukin 1 up-regulates microRNA 
135b to promote inflammation-associated gastric carcinogenesis in mice. 
Gastroenterology 156 (4), 1140–1155.

Ho, N.R., Lim, G.S., Sundah, N.R., Lim, D., Loh, T.P., Shao, H., 2018. Visual and modular 
detection of pathogen nucleic acids with enzyme–DNA molecular complexes. Nat. 
Commun. 9 (1), 3238.

Huang, C.-H., Park, Y.I., Lin, H.-Y., Pathania, D., Park, K.S., Avila-Wallace, M., Castro, C. 
M., Weissleder, R., Lee, H., 2019. Compact and filter-free luminescence biosensor for 
mobile in vitro diagnoses. ACS Nano 13 (10), 11698–11706.

Huang, X., Li, J., Lu, M., Zhang, W., Xu, Z., Yu, B.-Y., Tian, J., 2020. Point-of-care testing 
of MicroRNA based on personal glucose meter and dual signal amplification to 
evaluate drug-induced kidney injury. Anal. Chim. Acta 1112, 72–79.

Irigaray, P., Newby, J., Clapp, R., Hardell, L., Howard, V., Montagnier, L., Epstein, S., 
Belpomme, D., 2007. Lifestyle-related factors and environmental agents causing 
cancer: an overview. Biomed. Pharmacother. 61 (10), 640–658.

Kanda, M., Kodera, Y., 2015. Recent advances in the molecular diagnostics of gastric 
cancer. World J. Gastroenterol. 21 (34), 9838.

Kellner, M.J., Koob, J.G., Gootenberg, J.S., Abudayyeh, O.O., Zhang, F., 2019. 
SHERLOCK: nucleic acid detection with CRISPR nucleases. Nat. Protoc. 14 (10), 
2986–3012.

Khan, R.R., Ibrahim, H., Rawal, G., Zhang, J., Lu, M., Dong, L., 2023. Multichannel 
microfluidic virus sensor for rapid detection of respiratory viruses using virus- 
imprinted polymer for digital livestock farming. Sens. Actuators B Chem. 389, 
133920.

Kim, H.Y., Song, J., Park, H.G., 2021. Ultrasensitive isothermal method to detect 
microRNA based on target-induced chain amplification reaction. Biosens. 
Bioelectron. 178, 113048.

Lee, C.Y., Kim, H., Degani, I., Lee, H., Sandoval, A., Nam, Y., Pascavis, M., Park, H.G., 
Randall, T., Ly, A., 2024. Empowering the on-site detection of nucleic acids by 
integrating CRISPR and digital signal processing. Nat. Commun. 15 (1), 6271.

Li, J., Lau, C.-H., Zhu, H., 2025. CRISPR/Cas-based personal glucose meters for nucleic 
acid detection. Trends Biotechnol. 44 (2), 295–299.

Lim, J., Hwang, J.-S., Seo, S.B., Kang, B., Jang, S., Son, S.U., Ki, J., Kim, J.-S., Kang, T., 
Jung, J., 2022. Janus hydrogel-based fuel stimulant powered amplification for 
multiple detections of miRNA biomarkers in gastric cancer. Chem. Eng. J. 448, 
137637.

H. Kim et al.                                                                                                                                                                                                                                     Biosensors and Bioelectronics 304 (2026) 118568 

8 

http://BioRender.com
https://doi.org/10.1016/j.bios.2026.118568
https://doi.org/10.1016/j.bios.2026.118568
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref1
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref1
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref2
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref2
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref3
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref3
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref3
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref4
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref4
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref4
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref5
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref5
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref5
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref6
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref6
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref6
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref6
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref7
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref7
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref7
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref7
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref8
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref8
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref8
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref9
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref9
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref10
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref10
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref10
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref11
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref11
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref11
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref12
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref12
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref12
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref13
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref13
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref13
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref13
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref14
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref14
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref14
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref15
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref15
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref15
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref16
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref16
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref17
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref17
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref18
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref18
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref19
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref19
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref20
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref20
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref20
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref21
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref21
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref21
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref22
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref22
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref22
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref23
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref23
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref23
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref24
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref24
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref24
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref25
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref25
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref26
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref26
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref26
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref27
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref27
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref27
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref27
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref28
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref28
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref28
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref29
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref29
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref29
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref30
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref30
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref31
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref31
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref31
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref31


Lin, S., Gregory, R.I., 2015. MicroRNA biogenesis pathways in cancer. Nat. Rev. Cancer 
15 (6), 321–333.

Matsuda, T., Fujimoto, A., Igarashi, Y., 2025. Colorectal cancer: epidemiology, risk 
factors, and public health strategies. Digestion 106 (2), 91–99.

Mohsen, M.G., Kool, E.T., 2016. The discovery of rolling circle amplification and rolling 
circle transcription. Acc. Chem. Res. 49 (11), 2540–2550.

Nalefski, E.A., Patel, N., Leung, P.J., Islam, Z., Kooistra, R.M., Parikh, I., Marion, E., 
Knott, G.J., Doudna, J.A., Le Ny, A.-L.M., 2021. Kinetic analysis of Cas12a and 
Cas13a RNA-guided nucleases for development of improved CRISPR-based 
diagnostics. iScience 24 (9).

Notomi, T., Okayama, H., Masubuchi, H., Yonekawa, T., Watanabe, K., Amino, N., 
Hase, T., 2000. Loop-mediated isothermal amplification of DNA. Nucleic Acids Res. 
28 (12), e63.

Pagès, M., Rotem, D., Gydush, G., Reed, S., Rhoades, J., Ha, G., Lo, C., Fleharty, M., 
Duran, M., Jones, R., 2022. Liquid biopsy detection of genomic alterations in 
pediatric brain tumors from cell-free DNA in peripheral blood, CSF, and urine. Neuro 
Oncol. 24 (8), 1352–1363.

Park, J., Han, H., Jeung, J.H., Jang, H., Park, C., Ahn, J.K., 2022. CRISPR/Cas13a- 
assisted AMP generation for SARS-CoV-2 RNA detection using a personal glucose 
meter. Biosens. Bioelectron. X 12, 100283.

Patel, T.N., Roy, S., Ravi, R., 2017. Gastric cancer and related epigenetic alterations. 
ecancermedicalscience 11, 714.

Piepenburg, O., Williams, C.H., Stemple, D.L., Armes, N.A., 2006. DNA detection using 
recombination proteins. PLoS Biol. 4 (7), e204.

Porichis, F., Hart, M.G., Griesbeck, M., Everett, H.L., Hassan, M., Baxter, A.E., 
Lindqvist, M., Miller, S.M., Soghoian, D.Z., Kavanagh, D.G., 2014. High-throughput 
detection of miRNAs and gene-specific mRNA at the single-cell level by flow 
cytometry. Nat. Commun. 5 (1), 5641.

Pritchard, C.C., Cheng, H.H., Tewari, M., 2012. MicroRNA profiling: approaches and 
considerations. Nat. Rev. Genet. 13 (5), 358–369.

Qu, X., Yue, Y., Tang, Y., Jiao, J., Miao, P., 2025. Polydopamine powered droplet 
electricity generator for protein assay with CRISPR/Cas enabled amplification. Nano 
Lett. 25 (15), 6253–6259.

Rahib, L., Wehner, M.R., Matrisian, L.M., Nead, K.T., 2021. Estimated projection of US 
cancer incidence and death to 2040. JAMA Netw. Open 4 (4), e214708.

Sekar, D., Krishnan, R., Thirugnanasambantham, K., Rajasekaran, B., Islam, V.I.H., 
Sekar, P., 2016. Significance of microRNA 21 in gastric cancer. Clin. Res. Hepatol. 
Gastroenterol. 40 (5), 538–545.

Shinwari, M.W., Zhitomirsky, D., Deen, I.A., Selvaganapathy, P.R., Deen, M.J., 
Landheer, D., 2010. Microfabricated reference electrodes and their biosensing 
applications. Sensors 10 (3), 1679–1715.

Si, Y., Li, L., Wang, N., Zheng, J., Yang, R., Li, J., 2019. Oligonucleotide cross-linked 
hydrogel for recognition and quantitation of microRNAs based on a portable 
glucometer readout. ACS Appl. Mater. Interfaces 11 (8), 7792–7799.

Siravegna, G., Marsoni, S., Siena, S., Bardelli, A., 2017. Integrating liquid biopsies into 
the management of cancer. Nat. Rev. Clin. Oncol. 14 (9), 531–548.

Song, J., Cho, M.H., Cho, H., Song, Y., Lee, S.W., Nam, H.C., Yoon, T.H., Shin, J.C., 
Hong, J.-S., Kim, Y., Ekanayake, E., Jeon, J., You, D.G., Im, S.G., Choi, G.-S., Park, J. 
S., Carter, B., Balaj, L., Seo, A.N., Miller, M., Park, S.Y., Kang, T., Castro, C., Lee, H., 
2024. Amplifying mutational profiling of extracellular vesicle mRNA with SCOPE. 
Nat. Biotechnol. 43 (9), 1485–1495.

Song, J., Lee, C.Y., Park, H.G., 2022. Ultrasensitive multiplexed miRNA detection based 
on a self-priming hairpin-triggered isothermal cascade reaction. Chem. Commun. 58 
(14), 2279–2282.

Sun, X., Zhou, X., Zhang, Y., Zhu, X., Liu, H., 2018. Systematic review and meta-analysis 
of diagnostic accuracy of miRNAs in patients with pancreatic cancer. Dis. Markers 
2018, 6292396.

Walker, G.T., Little, M.C., Nadeau, J.G., Shank, D.D., 1992. Isothermal in vitro 
amplification of DNA by a restriction enzyme/DNA polymerase system. Proc. Natl. 
Acad. Sci. U.S.A 89 (1), 392–396.

Wang, Q., He, Y., He, S., Yu, S., Jiang, Y., Wang, F., 2023. An entropy-driven DNA 
nanomachine for microRNA detection using a personal glucose meter. Chem. 
Commun. 59 (10), 1345–1348.

Wu, J., Li, G., Wang, Z., Yao, Y., Chen, R., Pu, X., Wang, J., 2015. Circulating microRNA- 
21 is a potential diagnostic biomarker in gastric cancer. Dis. Markers 2015, 435656.

Wu, T., Cao, Y., Yang, Y., Zhang, X., Wang, S., Xu, L.-P., Zhang, X., 2019. A three- 
dimensional DNA walking machine for the ultrasensitive dual-modal detection of 
miRNA using a fluorometer and personal glucose meter. Nanoscale 11 (23), 
11279–11284.

Wu, T., Yang, Y., Cao, Y., Song, Y., Xu, L.-P., Zhang, X., Wang, S., 2018. Bioinspired 
DNA–inorganic hybrid nanoflowers combined with a personal glucose meter for 
onsite detection of miRNA. ACS Appl. Mater. Interfaces 10 (49), 42050–42057.

Xi, Y., Nakajima, G., Gavin, E., Morris, C.G., Kudo, K., Hayashi, K., Ju, J., 2007. 
Systematic analysis of microRNA expression of RNA extracted from fresh frozen and 
formalin-fixed paraffin-embedded samples. RNA 13 (10), 1668–1674.

Xia, R., Ouyang, N., Wang, T., Zhuang, Y., Miao, P., 2024. Electrochemical detection of 
glutathione based on accelerated CRISPR/Cas12a trans-cleavage with MnO2 
nanosheets. Chem. Commun. 60 (15), 2034–2037.

Yu, H., Tan, Y., Cunningham, B.T., 2014. Smartphone fluorescence spectroscopy. Anal. 
Chem. 86 (17), 8805–8813.

Zhu, Y., Chen, X., Shi, J., Sun, H., Chai, H., Miao, P., 2023. Highly sensitive 
electrochemical assay based on strand displacement polymerization-assisted 
CRISPR/Cas12a collateral cleavage. Electrochem. Commun. 157, 107629.

H. Kim et al.                                                                                                                                                                                                                                     Biosensors and Bioelectronics 304 (2026) 118568 

9 

http://refhub.elsevier.com/S0956-5663(26)00200-9/sref32
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref32
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref33
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref33
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref34
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref34
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref35
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref35
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref35
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref35
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref36
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref36
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref36
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref37
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref37
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref37
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref37
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref38
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref38
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref38
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref39
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref39
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref40
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref40
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref41
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref41
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref41
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref41
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref42
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref42
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref43
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref43
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref43
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref44
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref44
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref45
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref45
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref45
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref46
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref46
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref46
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref47
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref47
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref47
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref48
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref48
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref49
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref49
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref49
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref49
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref49
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref50
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref50
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref50
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref51
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref51
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref51
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref52
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref52
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref52
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref53
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref53
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref53
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref54
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref54
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref55
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref55
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref55
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref55
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref56
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref56
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref56
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref57
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref57
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref57
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref58
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref58
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref58
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref59
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref59
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref60
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref60
http://refhub.elsevier.com/S0956-5663(26)00200-9/sref60

	On-site microRNA detection with ‘off-the-shelf’ glucose meter empowered by chimeric probe connecting CRISPR/Cas13a activati ...
	1 Introduction
	2 Results and discussion
	2.1 Overall scheme and feasibility of KEY-FACT
	2.2 Performance of KEY-FACT
	2.3 Practical applicability of KEY-FACT

	3 Conclusions
	4 Experimental section
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	Data availability
	References


