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ABSTRACT 

 

Development of cascade enzymatic reaction-based nucleic acid 

detection method using personal glucose meter 

 

 

This study presents a novel molecular diagnostic platform that integrates the structure-specific 

cleavage activity of flap endonuclease 1 (FEN1)-coupled cascade enzymatic reactions to detect 

target nucleic acids without the need for polymerase chain reaction (PCR) amplification. This system 

leverages AMP produced by FEN1 cleavage to trigger glucose degradation, which can be quantified 

using a personal glucose meter (PGM). Validation of this platform was conducted using target DNA 

based on the Chlamydia trachomatis (Ct) sequence, demonstrating effectiveness in detecting 

sequences identical to common bacterial pathogens. Utilizing this system, target nucleic acid was 

successfully detected with a detection limit of 4.8 pM. Additionally, the potential to detect target 

nucleic acids derived from Chlamydia trachomatis showed excellent selectivity compared to other 

STD genes and mismatches. By overcoming the limitations of PCR and fluorescence-based 

techniques, this platform offers a cost-effective, scalable, and user-friendly diagnostic solution with 

significant potential for application in resource-limited settings. 

 

 

 

 

 

 

 

 

 

                                                                                

Key words : Flap endonuclease 1, Cascade enzyme reaction, Personal glucose meter, 

Nucleic acid detection, point-of-care testing   
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Ⅰ. Introduction 

 

1. Detection of Nucleic acid 

Clinical medicine relies on examining symptoms, indicators, and diagnostic tests to detect 

illnesses and provide standard symptomatic treatments, which may not be effective for all patients.1, 

2 The global rise in aging populations and chronic diseases highlights the growing importance of 

early disease prevention.3, 4, 5 Advances in information technology are transforming healthcare 

management, particularly in continuous patient monitoring and improving treatment accessibility.6, 

7 

Nucleic acid detection plays a crucial role in modern diagnostics by enabling the identification 

of pathogens, genetic disorders, and various diseases.6, 7, 8, 9 These techniques have gained significant 

prominence in recent years due to their potential to advance personalized medicine, facilitate early 

disease detection, and allow for tailored treatments.1, 4, 6 Among these methods, the polymerase chain 

reaction (PCR) has long been considered the gold standard for nucleic acid detection, due to its high 

sensitivity and ability to amplify small amounts of DNA.10, 11, 12, 13 

 

2. Polymer Chain Reaction and Limitations of PCR 

Over the years, PCR technology has significantly evolved, with advancements such as real-

time PCR (qPCR) and digital PCR (dPCR), which offer improved sensitivity, quantification, and 

accuracy.14, 15, 16 PCR-based methods allow the rapid and sensitive detection of specific genetic 

material by amplifying small amounts of DNA within a sample.17, 18, 21 While these advancements 

have improved PCR performance, each generation of technology still presents certain limitations, 

which have spurred the development of new methods. 

The first-generation PCR has limitations, such as the requirement for precise thermal cycling, 

and the complexity and cost of designing sophisticated probes. Additionally, the process of verifying 

results with gel after the reaction may have low resolution, hindering the detection of small 

restriction fragments.19, 20 Second-generation quantitative real-time PCR (qRT-PCR), which 

measures fluorescence without using gels, requires dual-labeled probes with a fluorophore and a 

quencher, leading to higher costs. Moreover, qRT-PCR relies on standard curve quantification, 

where errors can result in inaccurate outcomes, potentially causing false positives.22, 23, 24, 25 To 

address these drawbacks, third-generation digital PCR (dPCR) was developed. dPCR enhances 

quantification by partitioning DNA samples into individual reactions, providing higher precision 

without requiring standard curves.22, 24, 26 Despite these advancements, dPCR and similar techniques 
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depend on expensive instrumentation and bulky equipment, limiting their use in point-of-care 

settings or resource-limited environments.  

The need for specialized lab conditions and trained personnel further restricts their application 

in rapid or on-site diagnostics, highlighting the demand for more portable and cost-effective 

solutions. 27, 28, 29 

 

3. Personal Glucose Meter (PGM) 

Point of Care Testing (POCT) refers to diagnostic testing performed immediately at the location 

where the patient is present.30, 31 POCT can be conducted not only in hospitals or clinics but also in 

various settings such as ambulances, homes, and pharmacies.32 A key feature of POCT is that 

samples do not need to be sent to a central laboratory; instead, healthcare professionals or patients 

themselves can perform the tests and obtain results immediately.33, 34 This capability allows for 

quicker decision-making and treatment planning. 

The personal glucose meter (PGM) is a portable, affordable device that provides reliable 

quantitative results and is easy to use, making it one of the representative devices for point-of-care 

testing.35, 36 However, the primary limitation of the PGM is that it is restricted to detecting only 

glucose, which limits its application in detecting a broader range of biomarkers.37, 38, 39, 40, 41 

Pioneering research by Xiang and Lu in 2011 has led to the development of methods to adapt PGMs 

for detecting non-glucose targets.40, 42,43, 44, 45, 46  These efforts aim to harness the PGM's portability 

and cost-effectiveness by linking the detection of various analytes to changes in glucose 

concentration, thereby expanding its diagnostic applications beyond glucose monitoring. However, 

these techniques often require complex procedures, such as immobilizing enzymes on 

oligonucleotides and using magnetic particles for separation and purification, making them 

challenging to implement in POCT settings. 

 

4. Cascade Enzyme Reaction 

A cascade enzyme reaction, also known as a multi-enzyme reaction or enzyme cascade, refers 

to a series of enzymatic reactions that occur sequentially in a single reaction vessel without isolating 

the intermediate products.47 In this process, the product of one enzyme reaction serves as the 

substrate for the next enzyme in the sequence. This method increases reaction efficiency and 

intermediate handling, reducing costs and waste while providing higher yields and economic 

benefits.48 
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Flap endonuclease 1 (FEN1) plays a pivotal role as a structure-specific nuclease, serving as a 

central component in both DNA replication and repair mechanisms.49, 50, 51 Upon replicating the 

upstream Okazaki fragment, the replication complex performs strand displacement synthesis, 

generating a 5' flap on the downstream fragment.52 These flaps are cleaved at their bases by FEN1. 

 

5. Objective of this study 

Despite advancements in diagnostic techniques, existing methods still rely heavily on 

expensive and bulky equipment, limiting their use in point-of-care testing (POCT) and resource-

limited environments. Additionally, the need for specialized laboratory settings and trained 

personnel restricts the feasibility of rapid, on-site diagnostics, highlighting the demand for more 

portable and cost-effective solutions. Although recent research has successfully adapted PGMs to 

detect non-glucose targets by linking analyte detection to changes in glucose concentration, these 

methods often require complex procedures like enzyme immobilization and magnetic particle 

separation, posing challenges for simple and scalable POCT implementation. 

To overcome these limitations, this study aims to develop an innovative diagnostic platform by 

combining FEN1's structure-specific cleavage activity with a cascade enzymatic reaction (CER). By 

directly linking target DNA detection to glucose degradation, this platform enables easy analysis 

with a PGM, bypassing complex washing or labeling steps. This approach is designed to be both 

cost-effective and practical for a wide range of applications, particularly in settings where 

accessibility to conventional diagnostic resources is limited.  
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Ⅱ. Materials and Methods 

 

1. Materials 

All synthetic sequences (Table 1, 2, 3) were purchased from Integrated DNA Technologies Inc. 

(Coralville, IA, USA), Adenosine 5′-monophosphate disodium salt, (Sigma-Aldrich, St. Louis, MO, 

USA), ADP Assay Kit (Colorimetric/Fluorometric) (abcam, Toronto, Canada), Myokinase from 

rabbit muscle (MK) (Sigma-Aldrich, St. Louis, MO, USA), Pyruvate Kinase from rabbit muscle 

(PK), Hexokinase from Saccharomyces cerevisiae (HK) (Sigma-Aldrich, St. Louis, MO, USA), 

Thermostable FEN1 (Enzynomics, Daejeon, Republic of Korea), 10X rCutsmartTM, 10X 

ThermoPol®  reaction buffer (New England Biolabs (NEB), Ipswich, MA, USA), Nuclease free 

water (NFW) (Integrated DNA Technologies, Coralville, IA, USA), Phospho(enol)pyruvic acid 

monopotassium salt (PEP) (Sigma-Aldrich, St. Louis, MO, USA), Glucose-6-phosphate 

Dehydrogenase from Leuconostoc mesenteroidess (Sigma-Aldrich, St. Louis, MO, USA), Human 

serum (Sigma-Aldrich, St. Louis, MO, USA). 
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Table 1. DNA sequences used in this work 

  

aThe colors of the oligonucleotide sequences correspond to the domains depicted in Fig. 1. Purple 

letters represent the UP hybridized with the target DNA, while the bold orange letters in UP indicate 

the 3＇-end flap. Green letters represent the DP hybridized with the target DNA, and red letters 

represent the AMP hybridized with the target DNA, the product of FEN1 cleavage. The bold red 

letters represent 5 '- end flap of DP. 
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Table 2. DNA sequences and DP/target DNA hybridization Tm used in Fig. 5 (c) 

 

aGreen letters represent the DP hybridized with the target DNA, and red letters represent the AMP 

hybridized with the target DNA, the product of FEN1 cleavage. Bold sky-blue letters represent the 

part of the changed target DNA (Ct) sequence to hybridization with 10 mer DPs which have various 

Tm values. Navy letters represent the part of the don't change target DNA (Ct) sequence.  
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Table 3. DNA sequences used in selectivity experiment 

aBlue letters represent the part of mismatches.
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  2. FEN1 cleavage activity and verify ADP creation 

To prepare the FEN1 cleavage reaction solution, 0.1 μM Q-primer, 50 nM F-primer, 60 nM target 

DNA, 0.4 U/μL FEN1, and 1X ThermoPol®  reaction buffer was combined. The mixture was then 

incubated at 45 °C for 60 minutes. Fluorescence emission spectra were recorded from 510 nm to 

620 nm at an excitation wavelength (λex) of 525 nm, using an Infinite 200 Pro Multi-Mode 

Microplate Reader (Tecan, Männedorf, Switzerland) in fluorescence intensity scan mode. 

For the ADP assay, the ADP standard solution was prepared according to the ADP Assay Kit 

protocol. The reaction mixture consisted of 10 μM UP, 10 μM DP2, 5 μM target DNA, 1.28 U/μL 

FEN1, 0.8 U/μL MK, 2 mM PEP, 4 mM glucose, and 1X rCutsmart™ reaction buffer, and was 

incubated at 45 °C for 120 minutes. Afterward, 50 μL of this reaction solution was combined with 

50 μL of the ADP standard solution and mixed with the fluorescence reaction solution. This mixture 

was then incubated in the dark at room temperature for 30 minutes, and the fluorescence emission 

was measured from 570 nm to 670 nm at an excitation wavelength (λex) of 587 nm, using the same 

Tecan Infinite 200 Pro Multi-Mode Microplate Reader in fluorescence intensity scan mode. 

 

3. Buffer Selection for one-step System 

The FEN1 cleavage reaction solution composition and measurement conditions are the same as 

those listed above, but the concentration ratios of the rCutsmartTM and ThermoPol®  reaction buffer 

solutions are varied. MK and CER reaction solution was prepared by mixing, 0.8 U/μL MK, 0.1 

U/μL HK, 0.1 U/μL PK, 2 mM PEP, 4 mM glucose, and various concentration ratios of the 

rCutsmartTM and ThermoPol®  reaction buffer solutions. After incubation at 45 °C for 60 min and 

enzyme inactivated at 95 °C for 10 minutes. Then 6 μL of the reaction solution glucose concentration 

was measured with the PGM (Accu-Chek Active, Roche, Basel, Switzerland). 

 

4. Confirmation of CER results according to UP/DP 

1X rCutsmartTM reaction buffer, 5 μM UP, 5 μM DP, 2 mM PEP, 4 mM glucose, 0.1 U/μL HK, 

0.1 U/μL PK, 1.28 U/μL FEN 1, 0.4 U/μL MK, and 2.5 μL of target DNA at varying concentrations 

were prepared for optimization of UP and DP hybridization form and length. A mixture of 1X 

rCutsmartTM reaction buffer, 2 mM PEP, 4 mM glucose, and varying concentrations of UP, DP, HK, 

PK, FEN1, MK, and target DNA was prepared. The above reaction mixtures were incubated at 45 °C 

for 120 min. The resulting glucose level was measured using PGM. 
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5. Sensitivity and selectivity 

1X rCutsmartTM, 2 mM PEP, 4 mM glucose, 1.28 U/μL of FEN1, 0.4 U/μL of MK, 2.5 U/μL of 

PK/HK, 2.5 μM of UP/DP and various concentrations of target DNA were prepared sensitivity 

reaction solution. Selectivity was confirmed using 1 nM mismatched target DNA and non-target 

DNA. The above reaction mixtures were incubated at 45 °C for 120 min and the enzyme was 

inactivated at 95 °C for 10 min. The resulting glucose level was measured using PGM. 

 

6. Detection of Target DNA in 1% Human Serum 

1X rCutsmartTM, 2 mM PEP, 4 mM glucose, 1.28 U/μL of FEN1, 0.4 U/μL of MK, 2.5 U/μL of 

PK/HK, 2.5 μM of UP/DP and various concentrations of target DNA were prepared sensitivity 

reaction solution. The target DNA was diluted at 1% human serum. The above reaction mixtures 

were incubated at 45 °C for 120 min and the enzyme was inactivated at 95 °C for 10 min. They 

analyzed using the same method mentioned earlier to detect the target DNA. 
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Ⅲ. Results and Discussion 

 

1. Basic Principles 

The basic principle of a platform to detect the target DNA based on the FEN1-assisted cascade 

enzymatic reaction is depicted in Figure 1. Two probes, an upstream probe (UP) and downstream 

probe (DP), are specifically designed to hybridize with the target DNA sequence. The DP contains 

adenine ribonucleotide (rA) at its 5′-terminus. On binding to target DNA, the UP invades the duplex 

formed between the DP and the target DNA, creating a flap structure. This structure allows FEN1 

to recognize and cleave the 3′ flap of the UP just after the first base pair preceding the 5′ flap of the 

DP, resulting in the formation of AMP (adenosine monophosphate) as a cleavage product. This 

enzymatic cleavage initiates a cyclic reaction, as the melting temperature of the DP/target DNA 

duplex is lower than the reaction temperature, causing the cleaved DP to dissociate and be replaced 

by an intact DP, facilitating continuous cleavage cycles by FEN1. Following cleavage, the resultant 

AMP is phosphorylated by myokinase (MK) to generate ADP (adenosine diphosphate), which then 

serves as a substrate for cascade enzymatic reaction catalyzed by pyruvate kinase (PK) and 

hexokinase (HK), converting glucose to glucose-6-phosphate (G6P). The reduction in glucose 

concentration is subsequently measured using a portable glucose meter (PGM). 
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Figure 1. Schematic illustration of the FEN1-facilitated cascade enzymatic reaction system for 

detecting nucleic acids with a personal glucose meter (PGM). 
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2. FEN1 Cleavage Activity and Verification ADP Production 

To verify the cleavage activity of FEN1, a FAM-labeled downstream probe (F-probe) and a 

BHQ-labeled upstream probe (Q-probe) were used to measure fluorescent signals. As shown in 

Figure 2(a), a high fluorescence signal was observed in the presence of only the F-probe and the 

template. However, upon the addition of the Q-probe, the fluorescence signal decreased significantly, 

indicating that the BHQ modified at the 3′ end of the Q-probe quenches the fluorescence signal of 

the FAM modified at the 5′ end of the F-probe. Interestingly, when FEN1 was added, the 

fluorescence signal increased to the same level as observed with only the F-probe and the template, 

indicating that the 5’ flap modified with FAM was cleaved by FEN1. 

Next, a conventional ADP assay kit was employed to verify whether the cleaved flap from the 

rA-modified upstream probe by FEN1 is AMP. It was assumed that the portion cleaved from the 

flap of the downstream probe, which is modified with rA at the 5′ end, would be AMP due to FEN1 

activity. If AMP were successfully converted to ADP by Myokinase (MK), it was expected to be 

detectable using the ADP assay kit. Using 5 μM of target DNA and 10 μM of upstream and 

downstream probes, the result showed a fluorescence signal corresponding to 4.4 μM on the standard 

curve of the ADP assay kit (Figure 2(b)), confirming that FEN1 cleaved one nucleotide (rA) from 

the 5′ end of the downstream probe and that AMP was successfully converted to ADP.
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Figure 2. FEN1 cleavage activity and verify ADP creation. (a) Fluorescence emission spectra and 

fluorescence intensities at 525 nm (F525) with or without FEN1, Q-probe, and templates. (A) 

without quenching, (B) with quenching by Q-probe, and (C) restoration of fluorescence after FEN1 

cleavage. (b) ADP assay kit results through FEN1 and MK reaction. Standard curve for ADP 

detection based on fluorescence intensity at 587 nm wavelength, with a calculated ADP 

concentration of 4.4 μM from the assay. 
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3. Buffer Selection for one-step System 

This study aimed to select the optimal buffer for the developed system. FEN1 was used with 

ThermoPol®  buffer, while the buffer for the cascade enzymatic reaction (CER) utilizing AMP as a 

substrate, along with Myokinase (MK), Pyruvate Kinase (PK), and Hexokinase (HK), had been 

previously established as rCutsmartTM buffer in earlier studies.44, 67 The ratio of ThermoPol®  and 

rCutsmartTM buffers was adjusted to evaluate their effects on the FEN1 cleavage reaction and the 

CER using AMP as a substrate. As shown in Figure 3(a), the glucose change level dropped 

significantly with even a small addition of ThermoPol®  buffer, indicating that this buffer critically 

inhibits the CER. On the other hand, the FEN1 cleavage reaction exhibited the highest activity in 

ThermoPol®  buffer, while significant activity was also observed in rCutsmartTM buffer (Figure 3(b)). 

Therefore, to achieve a one-step system, rCutsmartTM buffer was ultimately selected.  
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Figure 3. Assessment of buffer formulations with different proportions of ThermoPol®  and 

rCutsmart™ for FEN1 activity and cascade enzymatic reaction (CER) efficacy. (a) Changes in PGM 

signal (ΔP) observed from the CER utilizing AMP as the substrate. (b) Percentage recovery 

determined by comparing the fluorescence signal restored post-FEN1 cleavage to the fluorescence 

signal from the F-probe alone. PGM signal change (ΔP) is defined as P0 – P (P0 and P represent the 

PGM signal without target DNA and with target DNA). Recovery was calculated (C value/A value) 

x100. 
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4. Investigation of FEN1 cleavage activity on flap structure of UP and DP 

In this system, the final glucose level measured by the PGM is determined by AMP production 

through one nucleotide cleavage catalyzed by FEN1. Therefore, AMP generation activity was 

verified based on the flap structures of UP and DP. Changes in glucose levels were measured through 

the FEN1-assisted CER reaction under four different conditions: a) no flap structure (UP1 and DP1), 

b) a flap at the 3′ end of UP (UP2 and DP1), c) a flap at the 5′ end of DP (UP1 and DP2), and d) 

flaps at both the 3′ end of UP and the 5′ end of DP (UP2 and DP2). As shown in Figure 4, a significant 

change in the PGM signal was observed regardless of the flap structure when the target DNA 

concentration exceeded 10 nM. However, at a low concentration (1 nM) of target DNA, the high 

PGM signal change was maintained only in the presence of a flap at the 3′ end of UP, while no 

further PGM signal change was observed with other flap structures. Therefore, a flap at the 3′ end 

of UP (UP2 and DP1) was ultimately selected as the probe for this system. Interestingly, the 

experimental results are consistent with previous findings reported by Kao et al.54 They also claimed 

that the optimal condition for one nucleotide cleavage by FEN1 occurs when the UP has a 1 bp flap 

at the 3′ end and the DP lacks a flap at the 5′ end. 

Next, to optimize the UP flap and DP lengths for this system, a range of UPs with varying 3′ end 

flap lengths (0–20 bp) and DP lengths (5–29 bp) was measured. The PGM signal change was then 

assessed, confirming that a 10 bp DP is optimal (Figure 5(a), (b)). This result, indicating that a 10 

bp DP is optimal, could be explained by the concept of UP/target DNA complex recycling. The DP 

used had a Tm (melting temperature) of approximately 33 °C. Since the system operates at 45 °C, 

the Tm being lower than the reaction temperature likely allows the cleaved DP to dissociate from 

the UP/target DNA complex and be replaced by a fresh DP, enabling continuous FEN1 cleavage. 

To validate this hypothesis, the DP length was fixed at 10 bp, and DPs and template DNAs with 

varying Tm values were designed (Figure 5(c)). The results confirmed a sharp decrease in reactivity 

when the DP had a Tm below 26 °C or above 34 °C. At Tm values below 26 °C, the DP could not 

hybridize efficiently to the target DNA at the reaction temperature (45 °C), inhibiting the FEN1 

cleavage reaction. Conversely, at Tm values above 34 °C, the cleaved DP failed to dissociate from 

the target DNA, reducing cleavage efficiency due to insufficient UP/target DNA complex recycling. 

Furthermore, to maximize the performance, several reaction conditions were optimized by 

measuring the PGM signal change (Figure 6). Finally, the optimal conditions were determined to be 

a reaction temperature of 45 °C, 1.28 U/μL of FEN1, 0.4 U/μL of MK, 2.5 U/μL of PK/HK, 2.5 μM 

of UP/DP, and a reaction time of 90 min. 
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Figure 4. Changes in the PGM signal were evaluated based on the type of hybridization between 

UP/DP and the target DNA. The conditions examined included: (A) no flap structure (UP1 and DP1), 

(B) a flap at the 3′ end of UP (UP2 and DP1), (C) a flap at the 5′ end of DP (UP1 and DP2), and (D) 

flaps present at both the 3′ end of UP and the 5′ end of DP (UP2 and DP2). (For detailed sequences 

of the target DNA, UP, and DP, refer to Table 1.) 
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Figure 5. (a) Changes in the PGM signal (ΔP) as a function of the 3′ end flap length of UP 

(UP1−UP8) were analyzed at different target DNA concentrations (1 nM, 10 nM, 100 nM, and 1 

μM). Additionally, PGM signal changes (ΔP) were assessed as a function of (b) the length of DP 

(DP1−DP15) and (c) the melting temperature (Tm) of various 10 bp DPs. (For detailed sequences 

of UP and DP probes, see Table 1 and 2.) 

  



19 

 

 

Figure 6. Optimization of (a) temperature (5 μM UP, 5 μM DP, 0.1 U/μL HK, 0.1 U/μL PK, 1.28 

U/μL FEN 1, 0.4 U/μL MK, and react for 1 h), (b) concentration of FEN1 (5 μM UP, 5 μM DP, 0.1 

U/μL HK, 0.1 U/μL PK, 0.4 U/μL MK, and react at 45 ℃ for 1 h), (c) concentration of MK (5 μM 

UP, 5 μM DP, 0.1 U/μL HK, 0.1 U/μL PK, 1.28 U/μL FEN 1, and react at 45 ℃ for 1 h) (d) 

concentration of HK, PK (5 μM UP, 5 μM DP, 0.4 U/μL MK, 1.28 U/μL FEN 1, and react at 45 ℃ 

for 1 h), (e) concentration of UP, DP (0.1 U/μL HK, 0.1 U/μL PK, 0.4 U/μL MK, 1.28 U/μL FEN 

1, and react at 45 ℃ for 1 h), (f) reaction time (2.5 μM UP, 2.5 μM DP, 0.1 U/μL HK, 0.1 U/μL PK, 

1.28 U/μL FEN 1, 0.4 U/μL MK, and react at 45 ℃) 
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5. Performance of system 

Under optimized reaction conditions, sensitivity was assessed (Figure 7). Serially diluted target 

DNA samples were prepared and tested for activity by measuring changes in the PGM signal 

according to the target DNA concentration. The change in PGM signal increased with rising target 

DNA concentrations, demonstrating a linear correlation with concentrations from 0 to 100 pM (ΔP 

= 0.308 x [target DNA] (pM) + 0.166, R² = 0.98; ΔP = P0 - P, where P0 and P represent the PGM 

signals in the absence and presence of target DNA, respectively). Based on the 3σ/S rule for the 

inset in Figure 7, where σ is the standard deviation of the blank and S is the slope, the limit of 

detection (LOD) was determined to be 4.8 pM. This sensitivity is either lower than or comparable 

to previously reported PGM-based nucleic acid detection methods (Table 4). Additionally, the 

method offers simplicity as a one-step, washing-free, isothermal approach, requiring only the mixing 

of the sample with the reaction mixture. 

Furthermore, the selectivity of the system was assessed by examining the extent of PGM signal 

changes in response to various sexually transmitted disease (STD)-related DNA (UU, HPV, CA, TP, 

and NG) as non-target DNA under the same conditions. As shown in Figure 8, a significant change 

in PGM signal was observed only with the target DNA (Ct), while other non-target DNAs produced 

only minor PGM signal changes similar to the blank. Additionally, the system was tested with 1–3 

bp mismatches (MM1–MM5) in the target DNA (Table 3). Interestingly, at a concentration of 1 nM, 

no PGM signal change was detected for MM2–MM5 during the reaction, while the presence of a 

single base mismatch near the flap structure (MM1) exhibited almost no difference in PGM signal 

change compared to the target DNA (Figure 9(a)). The effect of concentration on the PGM signal 

change was further investigated for both the target DNA and MM1, demonstrating a clear distinction 

in PGM signal change at concentrations below 100 pM (Figure 9(b)). These findings indicate that 

the system exhibits high selectivity for the target nucleic acid and has the potential to distinguish 

mutations within the linear detection range. 
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Figure 7. The sensitivity of the system for detecting target DNA concentrations is presented. (Inset) 

A linear relationship is observed between PGM signal change (ΔP) and target DNA concentration 

(0−100 pM). 
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Figure 8. Specificity of the system for target DNA detection is demonstrated through PGM signal 

changes (ΔP) for the target DNA (Ct) in comparison to non-target DNAs, including UU 

(Ureaplasma urealyticum), HPV (Human papillomavirus), CA (Candida albicans), TP (Treponema 

pallidum), and NG (Neisseria gonorrhoeae). (Detailed sequences are provided in Table 3.) 
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Figure 9. Selectivity of the system for detecting target DNA and single-base mismatches is 

illustrated. (a) PGM signal changes (ΔP) for the target DNA and mismatch sequences (MM1–

MM5) are presented. (Detailed sequences of the mismatch sequences can be found in Table 3.) (b) 

PGM signal changes for the target DNA and MM1 at varying concentrations reveal a clear 

distinction at lower concentrations (10 pM–1 nM). 
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Table 4. Comparison of Limit of Detection (LOD) and reaction times for detection of target DNA 

from various previous research. 

 

The table summarizes the performance metrics, including LOD and reaction time, reported in studies 

that detect the same or similar target DNA as the current study. The references are provided for each 

comparison.  
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6. Practical applicability 

 

To assess the practicality of the system in clinical applications, spiked human serum samples 

with varying concentrations of target DNA were analyzed. As shown in Figure 10, a linear 

correlation (R² = 0.99) was observed between PGM signal changes and target DNA concentration 

in a complex 1% human serum matrix. Utilizing this calibration curve, target DNA concentrations 

were precisely measured, achieving a coefficient of variation (CV) of less than 3% and recovery 

rates ranging from 99.9% to 102.4% (Table 5). In summary, these results affirm the potential of this 

assay for reliable miRNA sensing in real biological fluids, demonstrating its suitability for analyzing 

biological samples.  
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Figure 10. The relationship between the changes of the PGM signal and the concentration of target 

DNA spiked in diluted human serum (1%). (Inset) Linear range between PGM signal change and 

target DNA concentration (0−100 pM) 
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Table 5. Determination of target DNA in diluted human serum (1%) 

 

a Mean of three measurements.  

b Standard deviation of three measurements. 

c Coefficient of variation = SD/mean × 100.  

d Measured value/added value × 100  
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Ⅳ. Discussion 

The results presented in this study highlight the effective application of FEN1 in a cascade 

enzymatic reaction (CER) system for the detection of target DNA. Findings confirm the cleavage 

activity of FEN1 through fluorescence assays, where the restoration of fluorescence signals indicates 

successful cleavage of the 5′ flap. Moreover, the subsequent conversion of the cleaved AMP to ADP 

by Myokinase (MK) further demonstrates the functionality of the enzyme in generating detectable 

products, affirming the suitability of this enzymatic system for DNA analysis. 

In the optimization of reaction conditions, it was identified that the balance of enzyme buffers is 

crucial for maximizing the activity of FEN1 and MK. The choice of rCutsmart buffer was validated 

as it enabled FEN1 to retain activity while supporting the functionality of MK and other enzymes 

involved in the CER. Thus, experiments underscore the importance of optimizing buffer conditions, 

as the efficiency of enzyme interactions directly influences the overall reaction yield. 

The investigation into the binding configurations of the upstream (UP) and downstream (DP) 

probes corroborates previous studies by Kao et al.54, emphasizing the necessity of a 1 nt flap on the 

UP for optimal FEN1 activity. The observed signal differences linked to the presence and length of 

flaps further confirm that FEN1's recognition mechanism is sensitive to structural nuances in the 

DNA substrates. In addition, the optimal length of the DP was found to be 10 mers, highlighting the 

critical role of Tm values in ensuring proper binding and recycling of oligonucleotides during the 

reaction. 

Through comprehensive optimization of enzyme concentrations, reaction temperatures, and 

times, a robust system capable of generating significant signal changes for target DNA detection 

was achieved. Notably, findings suggest that a reaction temperature of 45°C provides a sweet spot 

that balances the activities of FEN1 and MK, despite their differing optimal temperatures. 

Furthermore, the optimization of MK concentration is particularly crucial due to its role in catalyzing 

the reversible reaction between ADP and AMP. At higher concentrations of MK, the reverse reaction 

from AMP to ADP is favored, which can decrease the overall conversion rate from AMP, 

emphasizing the importance of carefully balancing enzyme concentrations within the reaction. This 

balance is vital not only for MK but also for other enzymes involved in the cascade reaction, as their 

interactions and efficiency significantly impact the overall performance of the system. The 

calculated limit of detection (LOD) of 4.8 pM underscores the sensitivity of this system, which is 

particularly promising for applications requiring precise nucleic acid quantification. 

Selectivity tests demonstrated the system's ability to distinguish between target DNA and 

mismatched or non-target sequences, affirming the potential for specific applications in mutation 

detection and diagnostic purposes. The minimal signal variations observed with mismatched bases 

and other non-target DNAs indicate a high degree of specificity, making this approach a valuable 

tool for genetic analysis. 
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Finally, the successful detection of target DNA in human serum validates the practical 

applicability of this system in clinical settings. The observed linear relationship and high recovery 

rates indicate that this method can reliably be employed in complex biological matrices, facilitating 

its potential use in diagnostic and therapeutic monitoring. 

Overall, this study illustrates a streamlined and effective approach for nucleic acid detection that 

leverages the enzymatic cascade reaction mechanism, offering a significant advancement in the field 

of molecular diagnostics. Future work could explore the integration of this system with other 

molecular assays, further enhancing its versatility and application scope. 
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Ⅴ. Conclusion 

In the past, medical practices focused primarily on diagnosing diseases and treating them. 

However, there has been a paradigm shift towards predicting and preventing diseases based on 

patients' genetic information. This shift has been further emphasized by the growing importance of 

disease prevention and personalized treatment due to the aging population and the rise in chronic 

diseases. In this context, nucleic acid detection technologies play a pivotal role. 

PCR, one of the most widely used nucleic acid detection technologies, is a molecular biology 

technique that amplifies specific DNA sequences. It has evolved from first-generation conventional 

PCR to second-generation real-time PCR and third-generation digital PCR, significantly improving 

accuracy, sensitivity, and automation. Nevertheless, limitations in terms of usage environment and 

accessibility remain a challenge. 

Meanwhile, one of the most commonly used in vitro diagnostic devices, the blood glucose meter, 

offers the advantage of being easily accessible and user-friendly. However, its analytical capabilities 

are limited to measuring glucose levels. This study aimed to leverage the strengths of blood glucose 

meters and designed an enzyme cascade reaction-based nucleic acid detection system. 

Specifically, a method was proposed that utilizes AMP, a cleavage product of FEN1, as a trigger 

to detect target DNA through an enzyme cascade reaction (CER) involving MK, PK, and HK. By 

employing probes (UP and DP) that specifically bind to the target DNA, a reduction in glucose levels 

was observed when the target DNA was present, which could be monitored using a personal glucose 

meter (PGM). This approach demonstrated selective detection of target DNA down to a 

concentration of 4.8 pM. Furthermore, it was confirmed that this detection method functions reliably 

in human serum. 

This study suggests the potential for developing in vitro diagnostic devices. Future optimization 

of enzymes and reaction buffers to enhance sensitivity is expected to improve the feasibility of 

commercialization further. Additionally, systematic research on variations in glucose concentration 

and PGM signal differences across individuals and disease states could improve the precision of this 

system. With such advancements, this platform could become a widely utilized in vitro diagnostic 

tool in everyday life. These subsequent studies are anticipated to contribute to faster and more 

accurate diagnostics in clinical settings.  
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Abstract in Korean 

 

자가혈당측정기를 이용한 효소 연쇄 반응 기반  

핵산 검출 기술 개발 

 

 

본 논문은 flap endonuclease 1 (FEN1)의 구조 특이적 절단 활성과 연계된 연쇄 

효소 반응을 통합한 새로운 분자 진단 플랫폼을 제시합니다. 이 시스템은 중합효소 

연쇄 반응(PCR) 증폭 없이 표적 핵산을 검출하며, FEN1 절단으로 생성된 AMP 가 

포도당 분해를 유도하여 개인용 혈당 측정기(PGM)를 통해 정량화 할 수 있습니다. 

우리는 Chlamydia trachomatis (Ct) 서열을 기반으로 한 표적 DNA 를 사용하여 이 

플랫폼을 검증했으며, 일반적인 세균 병원체의 서열과 동일한 서열을 검출하는 데 

효과적임을 입증했습니다. 본 시스템을 이용하여 표적 핵산을 성공적으로 검출했으며, 

검출 한계는 4.8 pM 이었습니다. 또한 Chlamydia trachomatis 에서 유래한 표적 

핵산을 검출할 수 있는 가능성을 보였으며, 다른 성병(STD) 유전자 및 불일치 

서열에 비해 뛰어난 선택성을 나타냈습니다. PCR 및 형광 기반 기술의 한계를 

극복함으로써, 이 플랫폼은 비용 효율적이고 확장 가능하며 사용자 친화적인 진단 

솔루션을 제공하며, 자원이 제한된 환경에서의 적용 가능성이 큽니다. 
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핵심되는 말: Flap endonuclease 1, 연쇄효소반응, 개인혈당측정기, 분자 진단, 현장진단검
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