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Hepatitis C virus (HCV) infection is a global public health threat. Reaching the World Health
Organization’s objective for eliminating viral hepatitis by 2030 will require a precise disease
diagnosis. While immunoassays and qPCR play a significant role in detecting HCV, rapid
and accurate point-of-care testing is important for pathogen identification. This study
establishes a reverse transcription recombinase-aided amplification–lateral flow dipstick
(RT-RAA-LFD) assay to detect HCV. The intact workflow was completed within 30 min,
and the detection limit for synthesized C/E1 plasmid gene-containing plasmid was 10
copies/ml. In addition, the test showed good specificity, with no cross-reactivity observed
for hepatitis A virus, hepatitis B virus, HIV, syphilis, and human papillomavirus virus. Using
extracted RNAs from 46 anti-HCV antibody-positive samples, RT-RAA-LFD showed
100% positive and negative concordance rates with qPCR. In summary, the RT-RAA-
LFD assay established in this study is suitable for the rapid clinical detection of HCV at the
community level and in remote areas.

Keywords: hepatitis C virus, nucleic acid detection, point-of-care testing, recombinase-aided amplification, lateral
flow dipstick
INTRODUCTION

Infectious diseases pose a critical global threat that has caused significant morbidity and mortality as
well as great economic losses (Houghton, 2009; Massimo and Vincenzo, 2018). Hepatitis C virus
(HCV) infection is a major cause of severe liver diseases, including chronic hepatitis, cirrhosis, and
hepatocellular carcinoma. According to the World Health Organization (WHO, 2017),
approximately 71 million people worldwide are infected with HCV, and at least 400,000 people
die annually from HCV-related liver disease (WHO, 2017; Spearman et al., 2019; Roger et al., 2021).
HCV transmission primarily occurs through accidental needle sticks in medical settings, using
injectable drugs, and receiving a blood transfusion before 1992, which was when blood screening
became routine (Pietschmann and Brown, 2019; Hollande et al., 2020). Acute HCV cases account
for about 15–20% of total cases, and post-acute HCV-infected patients have a 50–80% chance of
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developing a chronic infection (Narayanamurthy et al., 2021). If
untreated, patients have a 20% risk of developing cirrhosis, of
whom a small percentage may also develop hepatocellular
carcinoma (Roger et al., 2021).

TheWHO created a guide for the elimination of HCV by 2030,
along with quantifiable targets (Warkad et al., 2018). The main
factors required to eliminate HCV include increasing and
strengthening outreach screening, improving prevention, and
increasing access to treatment. Achieving HCV elimination
requires scaling up rapid and accurate testing of populations
worldwide, which inevitably places a heavy burden on developing
countries (Foster et al., 2019; Dash et al., 2020). As a result, micro-
elimination and cure have not been achieved because high-risk
groups, including migrants from HCV-endemic countries,
injecting drug users, prisoners, and men who have sex with men,
and target groups, including hemophiliacs and those with a
concurrent HIV infection (Hollande et al., 2020), require the
development of rapid diagnostic testing methods and new
therapeutic drugs. During the COVID-19 pandemic, less
attention has focused on improving HCV testing. The timely
detection of HCV, along with appropriate intervention measures,
information dissemination, and outreach, is critical for an effective
public health response to this virus (Javier et al., 2021).

HCV is a single-stranded, positive-stranded RNA virus
belonging to the genus Flaviviridae (Houghton, 2009), which is
composed of about 9,600 nucleotides. Due to its high degree of
variation, vaccines and specific antiviral drugs are difficult to
develop. Thus, an early diagnosis of HCV is critically important
(Marcus et al., 2018). The gene encoding the capsid protein is
comparatively conserved among different HCV genotypes,
maintaining approximately 80% sequence identity (Adams et al.,
2018). Currentmethods for detectingHCV include immunological
and molecular biological tests. The immunological methods are
generally utilized because of their simplicity and the convenience of
automating batch operations. However, due to the long window of
antigen and antibody detection, false negatives occur with some
frequency (Kun et al., 2016; Llibre et al., 2019). Polymerase chain
reaction (PCR)-based temperature-variable amplification
technology is the most reliable HCV-RNA detection method and
is considered thegoldstandard forHCVdiagnosis (Fitzpatricket al.,
2018;Wanget al., 2021).WhilePCR-based tests arehighly sensitive,
they are expensive, are time-consuming, and require complex
equipment, so they cannot be used for rapid point-of-care-testing
(POCT) in low-resource areas with high HCV infection rates.
Furthermore, the application of these tests may be restricted as a
result of their detection potential.

In recent years, isothermal amplification methods have been
studied and used for the detection of foodborne pathogens.
Recombinase-aided amplification (RAA) is a novel isothermal
amplification technology in which rapid amplification of DNA or
RNA is achieved at constant temperatures. The entire RAA
reaction is simple, rapid, accurate, power-saving, and convenient
(Ivan and Ciara, 2017; Chen et al., 2018; Azmi et al., 2021). Other
common isothermal amplification approaches include loop-
mediated isothermal amplification (Notomi et al., 2000), rolling
circle amplification (Blanco et al., 1989), recombinase polymerase
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2
amplification (Piepenburg et al., 2006), nucleic acid sequence-
based amplification (Compton, 1991), and helicase-dependent
amplification (Vincent et al., 2004). Isothermal amplification is
commonly combined with a downstream portable result reading
strategy to develop fast and convenient diagnostic testingmethods,
which are expected for use in remote areas and by developed
countries that are performing mass screenings (Jia et al., 2018;
Zhang et al., 2021). Of the isothermal amplification techniques, the
RAA detection method is completed within 30 min at a constant
temperature of 37 to 42°C. Thus, the technology is widely used for
the rapid detection of viruses, bacteria, parasites, and other
pathogens (Yan et al., 2014; Daher et al., 2016). RAA technology
can also be combined with other novel detection methods, making
pathogen detection more efficient and convenient. Its portable
detection equipment also provides the possibility of POCT.

In this study, a rapid RT-RAA-LFD diagnostic platform was
established for the detection of HCV, and its sensitivity, specificity,
and stability were evaluated, providing a rapid, convenient, and
accurate POCT strategy for HCV detection. A schematic figure
representing the major steps of sample preparation for HCV
detection using the RT-RAA-LFD method is shown in Figure 1.
This method has great application potential because of its
convenience, short detection time, and POCT application.
MATERIALS AND METHODS

Clinical Samples
Two thousand clinical samples were collected at random from
patients presenting to the outpatient clinic or physical
examination center of the Henan Institute of Reproduction
Health Science and Technology between January 2020 and
January 2021. Each patient was given a health interview and
asked to sign an informed consent. Of the 2,000 samples, 46 were
found to be HCV-antibody-positive using automated
chemiluminescence immunoassay. The blood pressure and
serum indexes of the participant, the liver and kidney function
as well as the results of B-ultrasound imaging examinations were
normal. After fasting, 2 ml of blood was obtained from each
patient and stored in a vacuum coagulation booster tube. Serum
was then separated by centrifugation for 10 min at 3,500 g. The
collected samples were deactivated by heating at 56°C for 30 min
and immediately tested or stored at -20°C until use.

Nucleic Acid Extraction
Nucleic acids were extracted from each clinical sample using
TaKaRa MiniBEST Viral RNA/DNA Extraction Kit version 5.0
(Takara, Dalian, China) according to the manufacturer’s
instructions. In brief, 200-ml serum samples were used for
extraction. Total viral genomic RNA was eluted with 50 ml
nuclease-free water and stored at -80°C until use. Based on the
extracted HCV RNA genome, cDNAs were prepared with a
PrimeScript™ RT reagent Kit (Takara, Dalian, China). The
reaction conditions were 15 min at 37°C for reverse
transcription and 5 s at 85°C for denaturation. The cDNAs
were then stored at -80°C for later use.
February 2022 | Volume 12 | Article 816238
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Primers and Plasmids
RAA primers targeting the HCV C/E1 genes were designed as
described in the Twist-Dx (Maidenhead, UK) protocol. The RAA
primers and the standard plasmid pUC57-pC/E1 (GenBank:
AJ238799.1) used in this study were all synthesized by Sangon
Biotech (Shanghai, China) (Table 1).

Basic PCR for HCV C/E1 Gene Detection
A 473-bp fragment in the C/E1 region of the HCV gene was
amplified using conventional PCR methods and primers (PCR-F
and PCR-R; Table 1). The region position of the three sets of
primers targeted the C/E1 gene of the HCV 1b genome
(GenBank: AJ238799.1). The 25-ml PCR reaction contained 1
ml of DNA template (108 copies/ml to 1 copy/ml), 1 ml each of 10
mmol/L upstream and downstream primer, and 22 ml of Golden
Star T6 Super PCRMix (Beijing Tsingke Biotechnology Co., Ltd.,
China). The PCR program was conducted as follows: 95°C for 5
min, then 40 cycles at 95°C for 1 min, 47°C for 30 s, 72°C for 1
min, and a final extension at 72°C for 2 min. Amplicons were
tested using 1% agarose gel electrophoresis.

Quantitative Real-Time PCR
A commercial diagnostic kit for HCV RNA (PCR-fluorescence
probing) (Daan Gene, Guangzhou, China) and an ABI 7500
fluorescence quantitative PCR system (Life Technologies, Foster
City, CA, USA) were used for qPCR detection. The 25-ml qPCR
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3
reaction contained 20 ml of fluorescent PCR reaction mix and 5
ml of RNA template. qPCR was conducted as follows: 15 min at
37°C for reverse transcription and 5 s at 85°C for denaturation,
followed by 45 cycles of 45 s at 93°C and 20 s at 55°C. The results
were considered positive if the Ct value was <40, with an “S” type
amplification curve, and considered negative if the Ct value was
reported as undetermined, with fluorescent signal maintaining a
background level.

RT-RAA Assay
RT-RAA was performed using a basic RT-RAA nucleic acid
amplification kit (nfo) (Zhongce, Jiangsu, China). The 50-ml RT-
RAA reaction contained one RT-RAA lyophilized powder, 41.5 ml
buffer A, 2 ml of 10 mM forward primer, and 2 ml of 10 mM reverse
primer that was mixed and centrifuged. The mixture was added to
the RT-RAA reaction tube containing lyophilized powder, and
either 2 ml of RNA template or 2 ml of RNase-free water (negative
control)was addednext. The reactionwas incubated ina37°Cwater
bath for 5 to 15min. The amplified productwas either purifiedwith
QIAquick PCR purification kit (Qiagen, USA) for agarose gel
electrophoresis or diluted with PBST (1× phosphate-buffered
saline with 0.1% Tween-20) for LFD readout.

Preparation of Colloidal Gold and Dipstick
The dipstick was predominantly composed of the following parts:
sample pad, backing card, conjugate pad, absorbent pad, and
TABLE 1 | Primer sequences used in this study.

Primer Sequence (5′-3′) Position (nt)

PCR-F AAYYTDCCCGGTTGCTCTTTYTCTAT 842–867
PCR-R TTCATCATCATRTCCCANGCCAT 1,309–1,331
RAA-F1 AGTACAGGACTGCAATTGCTCAATATATCC 1,241–1,270
RAA-R1 GCAAAGATAGCATCACAATCAGAACCTTAG 1,477–1,447
RAA-F2 CTTGGGATATGATGATGAACTGGTCACCTAC 1,297–1,327
RAA-R2 AAGAGTAGCATCACAATCAGAACCTTAGCC 1,474–1,445
LFA-F2 5′-FITC-CTTGGGATATGATGATGAACTGGTCACCTAC
LFA-R2 5′-Biotin-AAGAGTAGCATCACAATCAGAACCTTAGCC
February 2022 | Volume 12 | A
FIGURE 1 | Schematic representation of the reverse transcription recombinase-aided amplification–lateral flow dipstick (RT-RAA-LFD) workflow for hepatitis C virus. RNA
extraction for 15 min, RT-RAA reaction for 5 min, and LFD visual readout for 5 to 10 min. All work was performed within 30 min with minimal equipment requirements.
rticle 816238

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Wang et al. Rapid Visual Detection of HCV
nitrocellulose membrane. The test strip test line (T line) and the
quality control line (C line) were sprayed with BioDot XYZ3050
Dispense Platform (Irvin, CA, USA). The distance between these
lines was about 5 mm. Streptavidin was fixed on the T line for
specific binding with biotin groups. The antibody against rabbit/
mouse antibody Fc fragment was fixed on the C line to intercept
excess colloidal gold-labeled anti-FITC antibodies. If a target
detection substance was present in the sample to be tested, it
formed a colloidal gold marker–target detection substance–
antibody complex, which gathered on the corresponding
detection line, forming a colored precipitation line.

RT-RAA Visual Readout With LFD
The RT-RAA-LFD primers (Table 1) included a 5′-FITC-labeled
forward primer (LFD-F) and a 5′-biotin-labeled reverse primer
(LFD-R). The 50-ml amplification system was configured
according to the supplier’s instructions. The optimal reaction
temperature and time for RT-RAA-LFD were achieved by
individually performing a group of RT-RAA reactions at room
temperature and at 35, 37, or 40°C in a water bath for 5, 10, or 15
min. After amplification, 20 ml RT-RAA reaction mix was then
immediately diluted with 80 ml PBST for LFD readout. The result
was read after the reaction was left to stand for 5 to 15 min.
When the C line appeared in red, it indicated that the test results
were valid. When the quality C line and T line were red at the
same time, the result was interpreted as a positive result. When
only the C line is red but the T line does not respond, it was
interpreted as a negative result.

Analytical Sensitivity and Specificity
RT-RAA-LFA sensitivity was evaluated using optimal reaction
conditions. Tenfold serial dilutions of pUC57-pC/E1 were
measured from 108 copies to 1 copy/ml by RT-RAA-LFA and
compared with PCR. RT-RAA-LFA specificity was estimated
using serum samples from common infectious diseases,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
including hepatitis A virus (HAV), hepatitis B virus (HBV),
HIV, syphilis, and human papillomavirus virus (HPV).
RESULTS

Establishment of HCV RT-RAA-LFD and
Optimization of Reaction Conditions
To determine the best primer combination, RAA amplification
was conducted as described above. The four pairs of primer
combinations produced brighter bands and a single band by
agarose gel electrophoresis (Figure 2). Since a smaller
amplification product increases the efficiency of amplification,
the primer pair with the smallest product, RAA-F2 and RAA-R2,
was selected for subsequent experiments.

Next, the temperature of the RT-RAA amplification system
was optimized. The amplification and incubation were developed
at 35 to 40°C for 10 min, and the results indicated that, when the
amplification temperature was 37°C, the detection line color of the
positive control was observed (Figures 3A). At 35°C, the color of
the T line was weak, which was not significant, and a temperature
of 40°C was considered too high for on-site experiments. Thus,
37°C was selected as the amplification temperature.

The amplification incubation time was also optimized. The
amplification system was incubated in a 37°C water bath for 5,
10, and 15 min. After 5 min of incubation, the color of the T line
started to turn red (Figure 3B). Thus, the final RT-RAA-LFD
conditions used in this study included amplification at 37°C for 5
min and incubation at room temperature for 10 to 15 min to
ensure that the results could be read.

Sensitivity and Specificity of the RT-RAA-
LFD Assay
The HCV standard plasmid was diluted into different
concentration gradients (108 copies/ml–1 copy/ml) for RT-
RAA-LFD detection. While the detection limit of conventional
FIGURE 2 | Optimal primer selection. Products amplified by different reverse transcription recombinase-aided amplification primers were analyzed by 1.5% agarose
gel electrophoresis to select the optimal primer pairs. M is a 2,000-bp DNA marker. The primers and templates used in lanes 1–8 are as follows: 1, HCV-RAA-F1/
R1 + HCV; 2, HCV-RAA-F1/R1 + ddH2O; 3, HCV-RAA-F1/R2 + HCV; 4, HCV-RAA-F1/R2 + ddH2O; 5, HCV-RAA-F2/R1 + HCV; 6, HCV-RAA-F2/R1 + ddH2O; 7,
HCV-RAA-F2/R2 + HCV; 8, HCV-RAA-F2/R2 + ddH2O.
February 2022 | Volume 12 | Article 816238
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PCR was 104 copies/ml (Figure 4C), the detection limit of RAA
was 102 copies/ml (Figure 4A). The sensitivity and detection limit
of RT-RAA-LFD were 100 and 10 times higher (reaching 10
copies/ml), respectively, than those of basic RAA (Figure 4B).
Each assay was repeated three times.

In the specificity tests, the other four of the five inspections for
infectious diseases, HAV, HBV, HIV, and syphilis, and the HPV
standard plasmid were used as specific test samples. These samples
only developed color at the quality control line and were defined as
negative. RT-RAA-LFD showed adequate specificity and no cross-
reactivity with other viruses (Figures 5A, B).

Stability Assay of RT-RAA-LFD
The RT-RAA-LFD stability assay was performed at 0, 4, 8, and 12
months after the sensitivity assay by testing in triplicate strong
positive samples (105 copies/ml; +++) and weak positive samples
(10 copies/ml; +) of standard plasmid pUC57-pC/E1 and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
negative samples (double-distilled water; -) at three times each
(Figure 6). LFD was stored at room temperature and in dry
conditions. The relative optical density value of the LFD T line
was recorded using the TSR3000 filmstrip reader (BioDot). As
shown in Table 2, the coefficient of variance (Cv) values for
strong positive, weak positive, and negative samples at the four
time points were 4.43, 3.51, and 9.67%, respectively, which were
all lower than 10%. This indicated that the RT-RAA-LFD
method had adequate detection stability within 1 year.

Clinical Sample Analysis Using
Quantitative Real-Time PCR
Following positive serology, the gold standard confirmation test
of HCV infection was the detection of HCV RNA by qPCR.
HCV-RNA >1.0 × 103 IU/ml was considered positive, HCV-
RNA quantification <1.0 × 106 IU/ml was considered a low viral
load, and HCV-RNA quantification ≥1.0 × 106 IU/ml was
A

B

FIGURE 3 | Optimization of reaction conditions. Using the recombinant plasmid PUC57-pC/E1 as a template to optimize the temperature conditions of hepatitis
C virus (HCV) reverse transcription recombinase-aided amplification (RAA) strip. C is the control line, T is the test line, and N is negative control. (A) Determination of
the optimal reaction temperature range of the HCV RAA strip. (B) Detection of the optimized amplification time.
February 2022 | Volume 12 | Article 816238
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considered a high viral load. The RNA extracted from 46 clinical
samples were tested using the commercially available qPCR kit.
The qPCR results showed that nine of the 46 clinical samples
were positive, with a viral load ranging from 2.81 × 108 IU/ml to
8.4 × 10 IU/ml. HCV RNA-positive patients accounted for
19.56% (9/46), while HCV RNA-negative patients accounted
for 80.44% (37/46) (Table 3).

Performance of the RT-RAA-LFD Assay
on Clinical Samples
Forty-six cases of anti-HCV antibody-positive clinical samples
were used to evaluate the performance of RT-RAA-LFD. The
clinical samples were detected by RT-RAA, RT-RAA-LFD. The
results of RT-RAA, RT-RAA-LFD on nine clinical serum
samples were consistent with the results of the traditional
qPCR, indicating that this method has the potential for clinical
application (Figures 7A, B and Table 4). In addition, the positive
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6
samples containing a high viral load showed color very quickly (2
to 3 min) at the T lines.
DISCUSSION

Infectious diseases caused by viruses, bacteria, fungi, and other
pathogens are an inevitable challenge to global health and food
security (Chevaliez, 2019). During the COVID-19 pandemic,
most secondary and above-detection institutions were equipped
with real-time quantitative PCR machines. However, PCR
detection technology is expensive and has strict requirements
for the detection, collection, and storage of samples so that it is
not suitable for widespread use. The disruption to the existing
medical service system by COVID-19 led to a reduction in
routine HCV antibody screening and a delay in clinical care
and treatment (Wan et al., 2020; Yoo et al., 2021). The later
A B

C

FIGURE 4 | Sensitivity of reverse transcription recombinase-aided amplification (RT-RAA), RT-RAA-lateral flow dipstick, and PCR for plasmid pUC57-pC/E1.
(A) Agarose gel electrophoresis of PCR. M, DL2000DNA marker; 1 to 9, decimal dilutions of plasmid pUC57-pC/E1 from 108 copies/ml to 1 copy/ml. (B) Agarose
gel electrophoresis of basic RAA. (C) RAA-LFA visual readout. CK, negative control with double-distilled water.
A B

FIGURE 5 | Specificity of reverse transcription recombinase-aided amplification (RT-RAA) and RT-RAA-lateral flow dipstick for common porcine diseases.
(A) Agarose gel electrophoresis of RT-RAA. M, DL 2000 DNA marker; 1, HCV; 2, HAV; 3, HBV; 4, HIV; 5, syphilis; and 6, HPV. (B) RT-RAA-LFA visual readout. 1,
HCV; 2, HAV; 3, HBV; 4, HIV; 5, syphilis; and 6, HPV.
February 2022 | Volume 12 | Article 816238
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detection of HCV infections that have occurred during the
COVID-19 pandemic has resulted in higher morbidity and
mortality. To prevent the spread of disease and protect human
populations, rapid POCT for human diseases has played an
increasingly important role. Rapid pathogenic diagnosis methods
are critical to animal disease control and prevention, public
health safety, and other issues (Patchsung et al., 2020; Zhao
et al., 2021).

In this study, a novel and complete POCT method for HCV
detection, combined with RT-RAA and LFD, was described to
have demonstrated good sensitivity and specificity. The detection
limit for detecting synthesized plasmids reached 10 copies/ml,
and no cross-reactivity was seen with HAV, HBV, HIV, syphilis,
and HPV, showing adequate specificity. With RNA extracted
from clinical samples, the RT-RAA-LFD method showed 100%
concordance with qPCR. However, RT-RAA-LFD could be
completed with 5-min amplification and 5–15-min LFD
readout times (clinical samples with high RNA concentrations
only required 2 to 3 min), indicating that this method was
simpler and more efficient than qPCR. Thus, RT-RAA-LFD is
a new method of HCV diagnosis that shows good results using
exploratory tests. One limitation of this study is the small
number of HCV-positive samples used for the evaluation. A
field evaluation of this assay with a larger sample size is
necessary. Clinical trial protocols will need to be developed
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
and institutions selected for large-scale testing. In addition, the
feasibility and accuracy of the RT-RAA-LFD method will need to
be evaluated in remote areas.

The RT-RAA experimental method established in this study
is based on the use of commercial nucleic acid extraction kits to
extract viral genomic RNA, which requires significant
preparation costs and expensive instruments like centrifuges
and automated RNA extractors. While the traditional qPCR
method costs about $5 dollars per test, the cost of an RT-
RAA-LFD reaction is about $3 dollars, A significant limitation
of this method is that the enzymes must be purchased in a
commercial kit. Future studies will focus on independent
production from recombinant enzymes, which should reduce
the cost and make the test more accessible for POCT. One of the
main obstacles for COVID-19 testing is also the extraction of
viral RNA, which slows the detection (Min et al., 2021). In recent
years, a number of simple RNA extraction-free methods have
been used for clinical testing, which play an important role in
disease detection and promote the development of rapid-
detection reagents (Azmi et al., 2021). However, these methods
have their own limitations and shortcomings. In future research,
diagnostics may be simplified by preparing microfluidic samples
on a chip and implementing an aqueous two-phase-system-
based sample preparation and/or paper-based filtration. Efforts
must be made to reduce the limitations of the current isothermal
A B

DC

FIGURE 6 | Repeatability and stability of reverse transcription recombinase-aided amplification–lateral flow dipstick. (A) Screening of lateral flow dipstick’s test lines
at 0 month. (B) Screening of lateral flow dipstick’s test lines at 4 months. (C) Screening of lateral flow dipstick’s test lines at 8 months. (D) Screening of lateral flow
dipstick’s test lines at 12 months. +++, strong positive sample, 105 copies/ml; +, weak positive sample 10 copies/ml; -, negative sample, double-distilled water.
TABLE 2 | Readability and stability assay of RT-RAA-LFA.

Time point (month) sample 0 4 8 12 Cv value
Average relative optical density of three repeat tests + SD

105 copies/ml, +++ 960.3892 ± 169.97 871.9121 ± 71.21 897.6027 ± 240.09 880.2978 ± 188.98 4.43%
10 copies/ml, + 61.8697 ± 5.81 58.3425 ± 19.23 57.3541 ± 13.68 57.7576 ± 7.69 3.51%
Double-distilled water, - 7.4354 ± 2.4073 6.2999 ± 1.0155 7.8315 ± 0.51 7.7612 ± 0.95 9.67%
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amplification methods, like non-specific binding and false
positives. With the rapid development of this technology,
traditional RAA technology may be combined with other novel
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8
technologies, such as real-time fluorescent RAA, quantum dots,
CRISPR techniques, electrochemical sensors, and other auxiliary
methods, to determine results more conveniently and intuitively.
If quantitative detection is required, fluorescent strips may be
used for the semi-quantitative rapid detection of diseases. At the
same time, the application prospect of this technology for the
detection of pathogenic microorganisms has greatly expanded.

In conclusion, this study has shown that RT-RAA-LFD is a
highly sensitive and specific method for HCV detection. This
method is fast, convenient, and instrument-free, so it may also be
performed in remote areas.
TABLE 3 | Analysis of quantitative detection results of HCV-RNA in 46 patients.

Quantification of HCV-RNA (IU/ml) Number of samples Proportion (%)

(-) <1.0 × 103 37 80.44
(+) 103–<1.0 × 106 6 13.04
(+) ≥1.0 × 106 3 6.52
Total 46 100%
A

B

FIGURE 7 | Evaluation of reverse transcription recombinase-aided amplification (RT-RAA) and RT-RAA-lateral flow dipstick (LFD) in RNA extracted from clinical
samples. (A) Agarose gel electrophoresis of RT-RAA. (B) RT-RAA-LFD visual readout. M, DL2000 DNA marker; 1 to 46, blood sample number; CK, negative control
with double-distilled water.
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