
Heliyon 10 (2024) e28726

Available online 27 March 2024
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Rapid and sensitive point-of-care diagnosis of human 
cytomegalovirus infection using RPA-CRISPR technology 

Kihye Shin a,e, Gil Myeong Seong c,d, Jeong Rae Yoo c,d, Eui Tae Kim a,b,e,* 

a Department of Microbiology and Immunology, Jeju National University College of Medicine, Jeju, Republic of Korea 
b Department of Biomedicine & Drug Development, Jeju National University Graduate School, Jeju, Republic of Korea 
c Department of Internal Medicine, Jeju National University College of Medicine, Jeju, Republic of Korea 
d Department of Internal Medicine, Jeju National University Hospital, Jeju, Republic of Korea 
e Jeju Research Center for Natural Medicine, Jeju National University Core Research Institute, Jeju, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Human cytomegalovirus 
HCMV 
Point-of-care diagnostics 
Recombinase polymerase amplification 
CRISPR diagnosis 

A B S T R A C T   

Background: Human cytomegalovirus (HCMV) is a common herpesvirus that can cause a range of 
symptoms, from mild conditions such as fevers to severe illnesses like pneumonia. Early and 
accurate diagnosis of HCMV infection is crucial, particularly for vulnerable populations with 
limited medical care. However, current diagnostic methods are often expensive, time-consuming, 
and require skilled technicians. 
Materials and methods: We developed an HCMV-RPA-CRISPR diagnosis platform for the rapid and 
cost-effective detection of HCMV infection. This method utilizes recombinase polymerase 
amplification (RPA) to amplify the HCMV target gene isothermally without the need for thermal 
cycling equipment. The platform integrates the CRISPR/Cas12a system, significantly enhancing 
specificity and sensitivity. A total of 13 clinical blood samples were tested to evaluate the plat-
form’s effectiveness and accuracy. Additionally, a lateral flow assay (LFA) and fluorescence 
detection were incorporated for straightforward and rapid visual interpretation of the results. 
Results: The assay effectively detected concentrations as low as a single copy of the positive 
control plasmid per microliter in under 1 h, without requiring specialized equipment or training. 
In clinical sample evaluations, both the fluorescence readout and LFA exhibited 100% sensitivity 
and specificity, identifying four HCMV-positive and nine HCMV-negative samples. 
Conclusion: The HCMV-RPA-CRISPR diagnosis platform is comparably effective to qPCR for 
HCMV diagnosis. Its applicability in common clinical laboratories, clinics, and point-of-care 
settings, particularly in resource-limited environments, makes it a valuable tool for widespread 
HCMV screening and diagnosis.   

1. Introduction 

Human cytomegalovirus (HCMV) is a double-stranded DNA virus with a high global incidence. Primary infections are often 
contracted in childhood, typically presenting as mild acute viral syndromes or remaining asymptomatic. However, HCMV can enter a 
latent state post-primary infection, persisting in the host for life and potentially reactivating under conditions of immunosuppression 
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[1–3]. Primary HCMV infection or reactivation in immunocompromised individuals can lead to serious, life-threatening diseases. The 
risk of severe illness varies, with the highest mortality observed in hematopoietic stem cell or solid-organ transplant recipients [4]. 

The often-asymptomatic nature of HCMV and its potential for reactivation highlight the importance of rapid, point-of-care di-
agnostics. These are essential for early intervention, limiting transmission in healthcare settings, and managing risks during pregnancy, 
particularly in areas with limited resources. Timely and accessible diagnosis is key to cost-effective HCMV management, preventing 
substantial healthcare costs due to delayed or missed diagnoses. 

Current diagnostic methods include virus culture, antibody or antigenemia assay, and quantitative polymerase chain reaction 
(qPCR) [5–8]. Virus culture is technically challenging and time-consuming [9,10]. Antibody assays, which detect post-infection IgM 
and IgG antibodies [11], can differentiate between primary infection and reactivation but may not detect very early infection [12]. The 
antigenemia assay detects HCMV tegument protein pp65 using monoclonal antibodies, but it has several limitations, including being a 
manual test, requiring blood samples to be processed within 6–8 h of collection, and demanding high technical expertise for inter-
pretation [13]. The nucleic acid-based qPCR technique is considered the gold standard for diagnosing various diseases, including 
HCMV, due to its high sensitivity and specificity. Its exponential DNA amplification allows for early detection compared to other 
diagnostic methods [14]. These methods, however, face challenges including long turnaround times and technical complexities. 

The emergence of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technology, known for its precise DNA 
editing capabilities, offers an innovative alternative. CRISPR-based diagnostics, such as Specific High-Sensitivity Enzymatic Reporter 
UnLOCKing (SHERLOCK) and DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR), represent a breakthrough in diag-
nostic technology. These methods harness the specific gene-editing properties of CRISPR to detect specific genetic sequences [15,16]. 
CRISPR-based diagnostics offer numerous advantages over traditional methods. These diagnostic methods can be conducted at a 
standard temperature of 37 ◦C, providing rapid and reliable results. This is particularly advantageous in resource-limited settings with 
inadequate diagnostic equipment compared to traditional PCR-based kits [15,17–19]. Furthermore, they hold the potential to detect 
multiple pathogens within a single sample, facilitating the diagnosis of infectious diseases in convenient multiplex assays [17,20,21]. 
Several CRISPR-based diagnostic tests have already been developed to detect contagious diseases, including coronavirus disease 2019, 
tuberculosis, and Zika. These tests have demonstrated accuracy comparable to conventional nucleic acid-based diagnostics, enabling 
faster detection [22–25]. 

This study presents a rapid and sensitive diagnostic method for HCMV detection. The diagnostic approach combines pre- 
amplification of the HCMV gene using recombinase polymerase amplification (RPA), sequence-specific recognition and trans cleav-
age by CRISPR-Cas12a/CRISPR RNA (crRNA), and fluorescence detection or lateral flow assay (LFA) readout (Fig. 1). The aim of this 
research is to establish a novel and simplified diagnostic approach that utilizes CRISPR-based methodologies for the early detection of 
HCMV. 

Fig. 1. Schematic illustration of HCMV diagnosis using the RPA-CRISPR Cas12a assay platform. (A) The viral DNA is extracted and amplified by 
RPA. The CRISPR-Cas12a system can recognize the target DNA and cleave it, as well as simultaneously cleave the ssDNA through collateral-cleavage 
activity. Both fluorescence readout and lateral flow assay strips visualize the cleaved ssDNA. (B) In the absence of target DNAs, the uncleaved ssDNA 
is captured in the C line and the gold nanoparticle is captured in the C line, indicating a negative result. In the presence of target DNAs, the labeled 
ssDNA undergoes cleavage through collateral cleavage by activated Cas12a, and the gold nanoparticle is captured in the T line, indicating a positive 
result. (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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2. Materials and methods 

2.1. Standard sample preparation 

The sensitivity and effectiveness of the HCMV-RPA-CRISPR detection method were evaluated using cloned HCMV UL75 plasmid as 
the standard. The plasmid DNA was extracted using the Solg™ Plasmid Mini-prep Kit (SPM01-C200, SolGent, Korea), following the 
manufacturer’s instructions. 

2.2. RPA primer design and RPA reaction 

The HCMV genome contains numerous polymorphisms, which have made it challenging to detect certain clinical species using 
previously reported primers designed to target polymorphic regions [26,27]. To overcome this challenge, the HCMV essential envelope 
glycoprotein H (gH, UL75) gene was identified as one of the most conserved genes in the HCMV genome [27]. 

We manually designed RPA primers specific to UL75, following the instructions provided by TwistDX (UK). The HCMV glyco-
protein H (gH) genomic sequences of the Toledo strain (NCBI accession number, GU937742) were used as templates for primer design. 
The primers were synthesized by Bioneer (Korea) and listed in Table 1. 

The RPA reactions were performed following the instructions of the TwistAmp Basic Kit (TwistDX, UK). Briefly, the RPA TwistAmp 
freeze-dried enzyme pellet was rehydrated with 45.5 μl of a master-mix composed of 29.5 μl of rehydration buffer, 2.1 μl of each 
reverse/forward primer set (10 μM), and 11.8 μl of nuclease-free water. For each reaction tube, 2 μl of extracted DNA and 2.5 μl of Mg- 
acetate were added. The tube was mixed by inversion and briefly centrifuged. The reactions were performed at 37 ◦C using the ProFlex 
PCR System (Thermo Fisher, USA). The efficiency and specificity of the RPA primers were confirmed by gel electrophoresis and 
visualized using the Azure c300 imaging system (Azure Biosystems, USA). 

2.3. CRISPR-Cas12a reaction 

Two crRNAs were designed using the CRISPOR web tool (http://crispor.org) [28] to target the RPA amplicons. For LFA readout, 
single-stranded DNA (ssDNA) was labeled with the fluorophores 6-carboxyfluorescein (FAM) and biotin, as indicated in Table 1. For 
fluorescence detection, the ssDNA was labeled with FAM and Black Hole Quencher1 (BHQ1). The crRNAs and the ssDNAs were 
synthesized by Bioneer (Korea). 

To detect Cas12a-mediated trans-cleavage activity using the LFA, 20 μL of the Cas12a reaction mixture was prepared with EnGen® 
Lba Cas12a (1 μM, M0653T, NEB, USA), NEBuffer r2.1 (B6002S, NEB, USA), crRNA (1 μM), RPA products, labeled ssDNA (10 μM), and 
distilled water. The mixture was incubated at 37 ◦C for 30 min using the ProFlex PCR System. After incubation, 20 μL of the reaction 
mixture was mixed with 100 μL of assay buffer of the HybriDetect – Universal Lateral Flow Assay Kit (MGHD1, Milenia Biotec, 
Germany) in a 1.5 mL tube. 

To quantify the fluorescence, 100 μL of Cas12a reaction mixture was prepared and performed in a 96-well black polystyrene 
microplate (SPL, Korea). The fluorescence was detected and analyzed with the SpectraMax iD3 microplate reader (Molecular Devices, 
USA) at excitation and emission wavelengths of 470 nm and 520 nm, respectively. Emission was read in relative fluorescence units 
(RFU) to compare samples within each experiment. 

2.4. Sensitivity and specificity of HCMV-RPA-CRISPR 

The sensitivity of the HCMV-RPA-CRISPR was determined by using a 1:10 serially diluted UL75 plasmid DNA (ranging from 10− 1 to 
105 copies/μL). Comparative analysis included testing against HCMV, herpes simplex virus (HSV-1 and HSV-2), and varicella-zoster 
virus (VZV). These viruses were propagated in specific cell lines: HFF (human foreskin fibroblast; ATCC, SCRC-1041) for HCMV, 
Vero (African green monkey kidney cells; ATCC, CCL-81) for HSV-1 and HSV-2, and MeWo (human melanoma; ATCC, HTB-65) cells 
for VZV. The culture medium used was Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% Cosmic Calf Serum (CCS) 
and 1% penicillin/streptomycin for HFF and Vero cells, while MeWo cells were cultured with 2% CCS. After infection with the 
respective viruses, the cells were incubated for several days. Harvesting was performed when cytopathic effects (CPE) were observed in 
over 80% of the cells. Viral genomic DNAs were then extracted from either the media of virus-infected cell cultures (for HSV-1, HSV-2, 

Table 1 
List of RPA primers, crRNA, and ssDNA used in this study.  

Name Sequence (5′-3′) 

UL75 RPA F1 ATACTATGTATTCCATATGCCTCGATGTCTTT 
UL75 RPA R1 GTAGGTGTTAAGTCTCTGTTGGTATCTTTCTA 
UL75 RPA F2 CTACAATTACACAAAACGCACCTGGCCTCTTTT 
UL75 RPA R2 GATGAGCTAGCAACTGCGTAAAGTGTGATA 
UL75 crRNA1 UAAUUUCUACUAAGUGUAGAUGGUCAGAUCUACCUGGUUCA 
UL75 crRNA2 UAAUUUCUACUAAGUGUAGAUGCGUCUCUCCGUCGUAUGUA 
Biotin ssDNA FAM-TTATT-Biotin 
FAM ssDNA FAM-TTATT-BHQ1  
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and HCMV) or directly from the virus-infected cells (for VZV) using the Solg™ Genomic DNA Prep Kit (SGD41-C100, SolGent, Korea), 
following the manufacturer’s instructions. 

2.5. Quantitative PCR 

Quantitative PCR (qPCR) was performed to compare and validate the specificity of the HCMV-RPA-CRISPR assay. The extracted 
DNAs from 13 clinical samples were analyzed using the TOPreal™ SYBR Green qPCR High-ROX PreMIX (RT501 M, enzynomics, 
Korea) in the Mic qPCR cycler (Bio Molecular Systems, Australia) with the HCMV gH specific primer pair reported previously [29]. A 
cycle threshold of less than 33 was considered positive based on in-hospital screening results. 

2.6. Clinical sample preparation 

For clinical sample preparation, peripheral blood was collected from suspected HCMV patients after obtaining written informed 
consent. Plasma samples were collected by centrifuging the blood samples at 15,000 rcf for 5 min at room temperature to separate the 
plasma. Total genomic DNA of the plasma samples was extracted using the Solg™ Genomic DNA Prep Kit (SGD41-C100, SolGent, 
Korea), following the manufacturer’s instructions. This procedure was approved by the Institutional Review Board (IRB) of Jeju 
National University Hospital (IRB no. 2023-05-027). 

2.7. Statistics and reproducibility 

Statistical significances were analyzed using Prism 8 (GraphPad Software, version 8.0.1). The data involving endpoint fluorescence 
and threshold time to positive were all displayed with error bars representing mean ± standard deviation (SD) from three or more 
replicates. The two-tailed unpaired t-test was applied to investigate the differences between groups. Unless otherwise specified, each 
image for visual detection shown in the corresponding figure is representative of at least two independent experiments. 

3. Results 

3.1. Establishment of the HCMV-RPA-CRISPR diagnosis platform 

An HCMV diagnosis platform was established using the RPA-CRISPR-Cas12a system (Fig. 1A). DNA extracted from the patient’s 
blood was subjected to an RPA reaction using target-specific RPA primers for 20 min at 37 ◦C to amplify the target gene sequence. The 
RPA product was then combined with a CRISPR-Cas12a mixture containing crRNA and ssDNA, and the reaction was carried out for 30 
min at 37 ◦C. For the fluorescence assay, BHQ1-and FAM-labeled ssDNA were added. If the result was positive, the collateral cleavage 
activity would cleave the ssDNA, resulting in a fluorescent signal. For the LFA, biotin- and FAM-labeled ssDNA were added. The LFA is 
based on the cleavage of a double-labeled reporter (FAM–biotin); the presence of many reporters causes anti-FAM antibody–gold 
nanoparticle conjugates (Au-NP) to gather at the C (control) line on the strip. In our experiments, when the activated CRISPR/Cas12a 

Fig. 2. Design and screening of RPA primers. (A) Map of nucleotide variation in the UL75 gDNA region of the 103 HCMV strains and location of the 
target region for RPA. (B) Conservation of target region for RPA and crRNAs among all 103 HCMV strains. (C) Gel electrophoresis image of RPA 
product amplified with two different primer sets. RPA reactions were performed for the indicated time. The original agarose gel image is provided in 
the supplementary data. 
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cleaved the ssDNA FAM–biotin reporter, the band intensity markedly increased on the T (test) line and decreased on the C line (Fig. 1B) 
[30]. The final product was mixed with the LFA buffer, the strip was immersed, and the results were visible within 3 min. A strong 
signal on the C (control) line near the buffer indicated a negative diagnosis, while a strong signal on the T (test) line indicated a positive 
diagnosis. 

3.2. Optimal conditions for HCMV-RPA-CRISPR 

To design RPA primers for the UL75 gene, we obtained and analyzed sequence information from NCBI for areas with low genetic 
variation. Two sets of RPA primers were designed (Fig. 2A), along with two corresponding crRNAs, to enable CRISPR-Cas12a 
recognition of the sequence amplified by RPA (Fig. 2B). 

Efficient RPA primers were selected using the UL75 plasmid as a template. RPA analysis was conducted at 37 ◦C for various reaction 
times. RPA sets 1 and 2 successfully amplified DNA of the expected size (RPA set 1: 118 bp, RPA set 2: 187 bp) after 10 min, with no 
non-specific bands (Fig. 2C). These results indicated that both RPA sets specifically and rapidly amplified the target sequence. Based on 
the gel electrophoresis results, the 20-min reaction sample exhibited the strongest band intensity. Therefore, we determined that a 20- 
min reaction time would be optimal for further experiments. 

To determine the optimal CRISPR crRNA for target detection, two RPA-crRNA sets (crRNA 1 for RPA set 1 and crRNA 2 for RPA set 
2) were tested using a reference plasmid of UL75 at concentrations of 1×101 and 1×102 copies/μL. The sensitivity of Cas12a-based 
detection of RPA-amplified HCMV UL75 sequences was evaluated using real-time fluorescence readouts. The fluorescence of the re-
action products was measured using a plate reader every minute. The RPA-CRISPR-based detection system successfully detected 
HCMV, while no significant signal was observed in the negative control (N) (Fig. 3A). The fluorescence of the reaction using RPA set 2 
and crRNA 2 showed higher signal intensity than that using RPA set 1 and crRNA 1 (Fig. 3A). After 30 min of reaction, the fluorescence 
of set 2 increased in both samples with a template concentration of 1×102 and 1×103 copies/μL (Fig. 3B). The RPA-CRISPR reaction 

Fig. 3. Evaluation of RPA-crRNA. Two different RPA-crRNA sets were evaluated using fluorescence readout and LFA with UL75 plasmid DNA (101 

and 102 copies/μl). (A) Fluorescence signals were detected during the CRISPR-Cas12a reaction by a plate reader every minute. (B) Fluorescence 
values after 30 min of the CRISPR-Cas12a reactions in panel A. Error bars indicate SD (n = 3). (C) Diagnosis results were read out using LFA strips 
after 30 min of Cas12a reaction. The photo was taken 3 min after the strips were dipped. (D) Relative band intensity of LFA strips in panel C. Error 
bars indicate SD (n = 3). Comparisons between groups were performed using the two-tailed unpaired Student’s t-test. N: negative control, no 
template sample. 
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was performed under these reaction conditions. The diagnosis results were confirmed using the LFA. As a result, the T-line band was 
noticeably enhanced in all samples except for the negative control (Fig. 3C and D). These experimental results established optimal 
assay conditions: an RPA reaction at 37 ◦C for 20 min using RPA primer set 2 and a CRISPR reaction at 37 ◦C for 30 min using crRNA 2. 

3.3. Sensitivity and specificity of CRISPR-Cas12a-LFA detection for HCMV 

To determine the limit of detection (LoD), RPA-CRISPR reactions were performed using a serially diluted UL75 plasmid. Fluo-
rescence generated during the 40-min CRISPR reaction confirmed the results. Positive samples showed an increased fluorescence 
signal, while negative samples did not (Fig. 4A). Samples with DNA template concentrations of 1×101 copies/μL or higher showed a 
rapid increase in fluorescence after 10 min. Saturation was observed at 1×101 copies/μL when comparing the fluorescence signals at 
30 min of reaction (Fig. 4B). Even samples with lower quantities of template, specifically 1×10− 1 and 1×10◦ copies/μl, showed 
fluorescence signals, indicating that detection was possible down to a final concentration of 1×10− 1 copies/μL. The same template 
confirmed the LFA reaction results. The CRISPR-Cas12a reaction was performed for 30 min using ssDNA labeled with FAM and biotin, 
ensuring that detection was possible up to 1×10◦ copies/μL (Fig. 4C and D). 

The HCMV RPA-CRISPR platform was highly specific to HCMV and could differentiate it from other herpesviruses. Viral DNA from 
HSV-1, HSV-2, VZV, and HCMV was used for the diagnosis assay. The assay results demonstrated that the HCMV-RPA-CRISPR assay 
platform could specifically identify only HCMV (<b>Fig. 5A and B</b>). 

3.4. Validation with clinical samples 

To evaluate the effectiveness of the HCMV-RPA-CRISPR assay platform in clinical samples, 13 blood samples were tested, including 
a UL75 plasmid DNA as a positive control (P) as well as a no-template negative control (N). The clinical samples were initially tested at 

Fig. 4. LoD determination of RPA-CRISPR-Cas12a HCMV diagnosis platform. RPA-CRISPR-Cas12a reactions were performed using serially diluted 
UL75 plasmid. (A) Fluorescence signals were detected during the CRISPR-Cas12a reaction by a plate reader every minute. (B) Fluorescence values 
after 30 min of the CRISPR-Cas12a reactions in panel A. Error bars indicate SD (n = 3). (C) Diagnosis results were read out using LFA strips after 30 
min of Cas12a reaction. The photo was taken 3 min after the strips were dipped. (D) Relative band intensity of LFA strips in panel C. Error bars 
indicate SD (n = 3). Comparisons between groups were performed using the two-tailed unpaired Student’s t-test. N: negative control, no tem-
plate sample. 
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Jeju National University Hospital and were diagnosed using conventional qPCR with four positives and nine negatives among the 13 
samples. Using the HCMV-RPA-CRISPR assay with Fluorescence and LFA readout, all four HCMV positive samples were identified as 
positive, and all nine negative samples were identified as negative. These results demonstrated that the HCMV-RPA-CRISPR method 
was consistent with qPCR-based clinical diagnosis (Fig. 6A–C). A linear regression analysis was conducted to examine the relationship 
between fluorescence and LFA readout. The results indicate a strong positive correlation in both readout methods (Fig. 6D–F, Table 2). 

Fig. 5. Specificity of RPA-CRISPR-Cas12a HCMV diagnosis platform. RPA-CRISPR-Cas12a reactions were performed using viral DNA of HSV-1, 
HSV-2, VZV, and HCMV (A). Diagnosis results were read out using LFA after 30 min of CRISPR-Cas12a reaction. (B) Relative band intensity of 
the LFA strips in panel A. Error bars represent the results of two independent experiments. N: negative control, no template sample. 

Fig. 6. HCMV diagnosis of patient blood samples using RPA-CRISPR/Cas12a-LFA and qPCR. (A) Fluorescence signals were detected during the 
CRISPR-Cas12a reaction by a plate reader every minute. (B) Fluorescence values after 30 min of Cas12a reaction in panel A. Error bars indicate SD 
(n = 3). Comparisons between groups were performed using the two-tailed unpaired Student’s t-test. (C) Diagnosis results were read out using an 
LFA strip after 30 min of CRISPR-Cas12a reaction. The photo was taken 3 min after the strips were dipped (top). Relative band intensity of the LFA 
strip (bottom). (D) Linear regression analysis between fluorescence values after 30 min of Cas12a reaction and relative band intensities of LFA strips. 
(E) Predicted viral copy numbers were calculated by qPCR. Error bars represent the results of three independent technical replicates. (F) Linear 
regression analysis between calculated viral copy numbers and relative band intensities of LFA strips. Green bars and dots indicate positive 
diagnosed patient samples, and yellow bars and dots indicate negative patient samples. (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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As shown in Fig. 6, the HCMV-RPA-CRISPR diagnosis method distinguished four positive and nine negative samples with 100% 
sensitivity and specificity. Furthermore, statistical analysis using a two-tailed unpaired Student’s t-test revealed that HCMV-RPA- 
CRISPR could reliably distinguish positive from negative samples (P value < 0.0001). 

4. Discussion 

Effective and timely diagnosis of HCMV infections is vital, particularly in vulnerable populations. This study introduces a novel 
diagnostic method utilizing CRISPR-Cas12a technology combined with RPA for rapid and affordable detection of HCMV. The ad-
vantages of this technique, such as its simplicity, speed, and cost-effectiveness, make it suitable for resource-limited settings lacking 
skilled technicians. 

Among various disease diagnosis methods, the nucleic acid amplification test (NAAT) is highly effective due to its early detection 
and high sensitivity and specificity. However, conventional PCR-based strategies have limitations due to expensive equipment and 
complex laboratory procedures [31]. Our proposed CRISPR-Cas12a method offers all the advantages of traditional NAATs but does not 
require a thermal cycler, making it feasible even in small hospitals without specialized laboratories. Our newly developed the 
HCMV-RPA-CRISPR assay exhibits high sensitivity, capable of detecting a single copy of viral DNA (Fig. 4A and B). We compared the 
diagnostic accuracy of the HCMV-RPA-CRISPR assay with that of quantitative PCR. A linear regression analysis was used to examine 
the relationship between calculated viral copy numbers and relative band intensities of LFA strips. The result showed a strong cor-
relation between the two diagnostic methods. Furthermore, our assay exhibited high specificity in HCMV detection without 
cross-reactivity with other herpes viruses (Fig. 5). 

RPA and LFA readouts offer several advantages. RPA enhances sensitivity by amplifying the target nucleic acid sequence. Addi-
tionally, activated CRISPR-Cas12a cleaves thousands of ssDNA in the LFA, further amplifying the signal [16]. This user-friendly design 
allows non-specialized personnel to perform the assay with minimal training, expanding access to accurate HCMV diagnosis, 
particularly in regions with limited-skilled technicians. The simplified workflow reduces the turnaround time compared to traditional 
methods, and the affordability of the technique makes it suitable for resource-limited settings. 

While preparing our manuscript, a study by Monk et al. was published, demonstrating the use of the CRISPR-Cas12a system 
combined with PCR and fluorescence detection for HCMV detection [32]. Although PCR is known for its specificity and high sensi-
tivity, it requires costly equipment, limiting its application to well-equipped hospitals or laboratories. In contrast, our study introduces 
a distinct approach that utilizes RPA and CRISPR diagnostic systems with LFA detection, eliminating the need for expensive equipment 
and skilled technicians. This straightforward workflow and rapid turnaround time enhance practicality and efficiency, particularly in 
resource-limited settings. 

In this study, plasma samples were analyzed using our newly developed HCMV-RPA-CRISPR assay. Evaluations using a wider 
variety of samples, such as urine, respiratory samples, and amniotic fluid, could expand the technique’s scope. Investigating patient 
tracking for quantitative monitoring of viral load using a rapid and simple HCMV-RPA-CRISPR diagnosis platform might be beneficial, 
aiding in determining the optimal time to end antiviral therapy. For the presented results, the threshold was arbitrarily set based on 
confirmation from the hospital (Fig. 6). Standardization of the HCMV-RPA-CRISPR assay using international units, the World Health 
Organization (WHO) standard for HCMV, and increasing the number of patient samples will be implemented to establish precise 
thresholds by direct comparison with current qPCR analysis. 

Meanwhile, this platform has important limitations. DNA extraction from patient samples has been a major obstacle to point-of- 
care diagnostics because they require expensive equipment such as centrifuges. However, recent advancements have introduced 
simpler methods for nucleic acid extraction from patient samples, and we are currently working on incorporating these methods into 
our platform. Additionally, while RPA-CRISPR technology excels in detecting the presence of pathogens, it may not be as effective in 
quantifying the viral load, which is crucial for assessing the severity of an infection and monitoring treatment responses. Although we 
have demonstrated a semi-quantitative tendency in LFA, the platform currently requires further refinement. We are actively testing 
more samples to improve the platform’s ability to quantify viral load, enhancing its utility in clinical settings. This development is 
essential for a more comprehensive understanding of infection dynamics and for tailoring patient-specific treatment strategies. 

In conclusion, combining RPA and CRISPR-Cas12a technology presents a promising and innovative approach for the rapid and 
affordable diagnosis of HCMV infection. This user-friendly method can potentially revolutionize HCMV diagnostics, particularly in 
resource-limited settings. This technique’s simplicity, speed, and cost-effectiveness can significantly improve HCMV management and 
healthcare outcomes for affected individuals. 

Table 2 
Clinical validation of HCMV-RPA-CRISPR diagnosis. PPA: Positive Prediction Agreement, NPA: Negative Prediction Agreement.  

RPA-CRISPR-Cas12a qPCR diagnosis PPA NPA 

Positive Negative 

Fluorescence Positive 4 0 4 of 4 = 100% 9 of 9 = 100% 
Negative 0 9 

LFA Positive 4 0 4 of 4 = 100% 9 of 9 = 100% 
Negative 0 9  
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