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ABSTRACT
Background & Aims: The WHO declared to eliminate hepatitis B virus (HBV) by 2030. However, an increasing number of
patients are presenting with low-level viremia (LLV) with the widespread use of antiviral medications. The diagnostic
efficiency and coverage area of HBV infection are low. Hence, this study intended to drive the HBV infection
detection to effectively adaptable for any small to medium-sized laboratory or field survey.
Methods: We established, optimized, and evaluated a colloidal gold test strip for detection of HBV DNA based on
CRISPR/Cas13a combined with recombinase-aided amplification (RAA) technology. Furthermore, 180 HBV-infected
patients (including patients with different viral loads, LLV patients and dynamic plasma samples of patients on
antiviral therapy) were enrolled for clinical validation.
Results: The strip detection of HBV DNA was established based on RAA-CRISPR-Cas13a technology with a sensitivity of
101 copies/μL and a specificity of 100%. HBV DNA gradient concentration plasmids and clinical samples were effectively
identified by this approach. The positive coincidence rate for LLV patients was 87%, while the negative coincidence rate
was 100%. The positive coincidence rate reached 100% in LLV patients (viral loading >100 IU/mL). The sensitivity,
specificity, positive predictive agreement (PPA) and negative predictive agreement (NPA) values of dynamic plasma
detection in patients on antiviral therapy were 100%, 92.15%, 93.75%, and 100%, respectively.
Conclusions: We develop rapid and portable RAA-CRISPR/Cas13a-based strip of HBV DNA detection for LLV patients.
This study provides a visual and faster alternative to current PCR-based diagnosis for HBV infection.
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1. Introduction

Hepatitis B virus (HBV) infection is a severe public
health problem. It is estimated that there are 257–
292 million people with HBV infections worldwide;
more than 95% of these patients live in low- and
middle-income countries, and only 12–25% of these
patients are eligible for diagnosis and anti-HBV treat-
ment [1, 2]. Furthermore, after long-term standar-
dized treatment with first-line antiviral drugs,
persistent or intermittent low levels of positive HBV
DNA in plasma, known as low-level viremia (LLV),
have been detected in an increasing number of
patients [3]. This is becoming a key part of and new
challenge in the treatment and management of
chronic hepatitis B (CHB). Therefore, the World
Health Organization (WHO) has developed a strategy

to eliminate HBV as a public health threat by 2030,
and one of the main objectives is to improve the
efficiency and coverage of HBV testing [4].

As a direct indicator of viral replication and infectiv-
ity, HBV DNA detection plays a crucial role in judging
viral infectivity and antiviral effects, especially in evalu-
ating the endpoint of antiviral therapy in LLV patients.
Although real-time polymerase chain reaction (RT–
qPCR)-based detection methods have been widely
used for HBV DNA detection with superior perform-
ance [5], they have shortcomings. These limitations
are mainly associated with the much longer turnaround
time for the results, the requirement for large-scale
equipment and a shortage of professional and technical
personnel [6, 7]. Furthermore, studies have shown that
low awareness of the disease and the high cost of testing
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contribute to the lack of HBV testing in low- and
middle-income countries [8, 9]. Therefore, the detec-
tion of HBV DNA needs to be further improved in
terms of detection time and portability.

The test strip, as a detection method that is carried
out at a sampling site and can quickly obtain detection
results based on monoclonal antibody technology, col-
loidal gold labeling technology and immunochromato-
graphy technology, has received widespread attention.
Compared with traditional detection methods, the test
strip has the advantages of simple operation, fast
response, and portable equipment, so it has been
rapidly developed and widely used in disease diagnosis
[10]. However, the test strip for HBV mostly depends
on serological markers such as HBsAg [11, 12], while
it for HBV DNA is vacant. Notably, some emerging
nucleic acid molecular diagnostics have met require-
ments for sensitivity, specificity, and low cost for the
test strip applications and thus have become a trend
in point-of-care testing (POCT) development.

In the past decade, clustered regularly interspaced
short palindromic repeats (CRISPR)/CRISPR-associated
systems (Cas), a new nucleic acid detection technology,
have attracted considerable attention and made great
progress due to their unique properties of high sensitivity
and high specificity. A typical example was reported by
Feng Zhang et al. who used CRISPR/Cas technology
combined with recombinase polymerase amplification
(RPA) for nucleic acid detection in a practical molecular
diagnostic technology platform called SHERLOCK [13].
Subsequently, RPA-CRISPR/Cas technology has been
widely used to detect severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), Zika virus, and Dengue
virus [14, 15]. Furthermore, combined with a lateral
flow strip, the CRISPR system can take advantage of
the rapid and portable features of POCT to achieve
high-sensitivity and high-specificity detection of patho-
genic nucleic acids without professional personnel; this
system has also been used to successfully detect SARS-
CoV-2 [16, 17]. Thus, the combination of a lateral flow
strip and CRISPR/Cas technology might provide a new
platform for the rapid detection of HBV DNA.

To simplify the operation, shorten the time, and
reduce the cost, this study intended to develop a
rapid and portable HBV DNA detection test strip
based on recombinase-aided amplification (RAA)-
CRISPR/Cas13a, which can achieve high-sensitivity
and high-specificity detection in LLV patients and
can assist rapid and portable HBV DNA detection of
clinical use and in low-income countries.

2. Materials and methods

2.1 Ethics statement

The current investigation’s procedure complied with
the 1975 Declaration of Helsinki ethical criteria and

the 1983 amendments, as evidenced by a priori clear-
ance by Beijing Youan Hospital’s human research
committee (Ethical code: LL-2020-167-K). All the
patients gave informed consent.

2.2 Clinical samples

At Beijing Youan Hospital, Capital Medical Univer-
sity, 180 HBV-infected patients and 25 healthy indi-
viduals were enrolled (their clinical characteristics
are shown in Supplementary Table 1), and their
plasma samples were measured using HBV DNA
ultrasensitive qPCR (Abbott M2000 RealTime PCR
System, USA). Fifteen patients (no HBV DNA was
detected), 42 patients with different viral loads, 100
patients with LLV, and 23 patients on antiviral treat-
ment comprised the 180 patients. In addition, 111
dynamic plasma samples from the treatment course
were collected from 23 individuals on antiviral medi-
cation. The CHB patients and LLV patients included
in the study met the diagnostic criteria of the Ameri-
can Association for the Study of Liver Diseases
(AASLD) guidelines (LLV is defined as HBV DNA
persistently or intermittently greater than the lower
limit of detection but less than 2,000 IU/mL) [18].
Ten patients with HCV-, HEV- and HIV-positive
nucleic acids were selected for method specificity
evaluation. The Laboratory Department of Beijing
Youan Hospital tested for HBV DNA and associated
blood indicators in all the collected samples. Patient
information was obtained from their medical records.
Each patient’s plasma was collected and kept at −80°C
until sample processing. All the samples were anon-
ymized before being tested in the laboratory.

2.3 Synthesis of plasmids, primers, and crRNAs

The HBV plasmid used in this work, along with the
crRNA in the Cas13a-crRNA assay system, can cover
eight different HBV genotypes. We downloaded
approximately 10000 HBV DNA sequences that
had been updated at the time from the HBV
database [19] (https://hbvdb.lyon.inserm.fr/HBVdb/
HBVdbIndex). Approximately 10000 HBV P-region
sequences were compared using Jalview software,
and the results are displayed in Supplementary Figure
1. Following the comparison, an HBV DNA sequence
of 134 bp with more than 95% conservation was cho-
sen (Supplementary Figure 1), followed by the con-
struction of the HBV-positive control plasmid and
the creation of the appropriate crRNA and RAA pri-
mers based on the conserved sequences (Supplemen-
tary Tables 2 and 3). The crRNA and RAA primers
were manufactured by Sangon Biotech (Shanghai)
Co., Ltd. A plasmid containing the partial HBV gen-
ome (GenBank ID: LC456126.1 site: 625-758) and
pUC57 served as the templates to construct an
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artificial HBV DNA standard (Bomide Biotechnology
Co., Ltd).

2.4 Plasma HBV DNA extraction

HBV DNA was extracted from plasma samples using
the TIANamp Virus DNA/RNA Kit (Tiangen Biotech
(Beijing) Co., Ltd.). The extraction procedure was fol-
lowed exactly as directed by the kit. The extraction
process was as follows: 20 μL Proteinase K, 200 μL
plasma and 200 μL carrier RNA working solution
were added to a 1.5 mL centrifuge tube, in that
order, and incubated at 56°C for 15 min. Next, 250
μL anhydrous ethanol was added to the centrifuge
tube; the solution was transferred to a CR2 adsorption
column, and the waste liquid was centrifuged. A buffer
solution, rinse solution (once), and anhydrous ethanol
were then added and centrifuged for 1 min at
8000 rpm, and the waste liquid was removed. The
adsorption film was fully dried by centrifugation at
12000rpm for 3 min. The adsorption column was
placed in an RNase-free centrifuge tube, and 20 μL
RNase-free ddH2O was added to the centre of the
adsorption membrane, which was then left at room
temperature for 5 min before being centrifuged at
12,000 rpm for 1 min to obtain a 20 μL HBV DNA
extract. We performed quality control experiments
on HBV DNA extracts with the aim of demonstrating
that the background or nonspecific substrates of the
reaction had no effect on the assay. (Supplementary
Figure 2).

2.5 Preparation and purification of Cas13a-
crRNAs

Complete crRNA sequences were generated as single-
stranded DNA and then PCR-amplified with an added
T7 promoter sequence to produce crRNAs. Using the
HiScribe T7 Quick High Yield RNA Synthesis Kit
(New England Biolabs, Inc.), two complementary
pairs of crRNA DNA primers (final concentrations
10 nM) were synthesized and treated overnight with
T7 polymerase at 37°C (New England Biolabs, Inc.).
An RNA Rapid Concentration Purification Kit was
then used to purify the crRNAs (Sangon Biotech, Inc.).

2.6 Recombinase-aided amplification (RAA)

Isothermal amplification of the plasmid or extraction
of HBV DNA was performed according to the instruc-
tions of the RAA kit (Hangzhou Zhongshan Bio-Sci&-
Tech Co., Ltd.). According to the reaction system, 13.5
μL of water, 25 μL of Buffer A, and 2 μL of upstream
and downstream primers (10 nM) were combined
uniformLy into the detecting unit tube containing
dry reaction powder. Then, a 5 μL DNA sample was
placed into the detection unit tube; 2.5 μL Buffer B

was then added to the detection unit’s tube cover,
the tube cover was closed, and the mixture was com-
pletely mixed 5–6 times with gentle shaking upside
down, centrifuged at low speed for 10 sec, and put
in a metal bath at 39°C for 30 min to acquire the
amplified products.

2.7 Dna agarose gel electrophoresis

To create a 1% agarose gel, 1 g agarose (Solarbio®)
was combined with 100 mL of 1×TAE solution
(Bomide Biotechnology Co., Ltd.) and heated until
dissolved. The mixture was chilled to 50-60°C before
adding 10 μL GoldenViewTM nucleic acid dye
(Bomide Biotechnology Co., Ltd). The gel was placed
in an electrophoresis tank containing 1×TAE Buffer,
5 μL PCR amplification product, and 1 μL 6× RNA/
DNA loading buffer (Bomide Biotechnology Co.,
Ltd), and the gel hole was filled with the mixture.
The first hole was filled with 5 μL of the BM5000
DNA Marker (Bomide Biotechnology Co., Ltd.).
After electrophoresis at 170 V for approximately
20 min, the gel blocks were removed and placed
into the gel imager (Bio–Rad, Inc.) for examination
and image preservation.

2.8 Cas13a-crRNA nucleic acid fluorescence
detection

The following procedure was followed for detection.
In nuclease assay buffer, 1 μL of RNase inhibitor
(New England Biolabs, Inc.), 1 μL LwCas13a, 1.5 μL
crRNA, 2 μL NTP Mix (New England Biolabs, Inc.),
0.5 μL of T7 RNA Polymerase (New England Biolabs,
Inc.), 0.5 μL of HEPES buffer solution (ThermoFisher
Scientific, Inc., USA), 0.25 μL MgCl2 solution (1 M),
2.5 μL quenched fluorescence RNA reporter (RNAse
Alert, Thermo Scientific, Waltham, MA, USA), 5 μL
of target nucleic acid, and 10.75 μL of RNase-free
water were added. The reactions were carried out at
37°C for 1 h, and the fluorescence signal was collected
every 2 min on an ABI 7500 Fast DX (Applied Biosys-
tems, Foster City, CA, USA).

2.9 Cas13a-crRNA nucleic acid strip detection

The test (T) and control (C) lines were formed by
spraying 1 mg/mL streptavidin (Thermo Fisher Scien-
tific, Waltham, MA, USA) and 1.5 mg/mL goat anti-
rabbit immunoglobulin G (IgG) (Solarbio, Beijing,
China) onto nitrocellulose membranes. A colloidal
gold-labeled rabbit anti-FAM antibody (Sangon Bio-
tech, Shanghai, China) was sprayed onto a conjugate
pad formed from a piece of glass microfiber filter at
a final concentration of 0.01 mg/mL.

The following procedure was followed for detec-
tion: In nuclease assay buffer, 2 μL of RNase
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inhibitor (New England Biolabs, Inc.), 2 μL
LwCas13a, 3 μL crRNA, 4 μL NTP Mix (New Eng-
land Biolabs, Inc.), 1 μL of T7 RNA Polymerase
(New England Biolabs, Inc.), 1 μL of HEPES buffer
solution (ThermoFisher Scientific, Inc., USA), 0.5
μL of MgCl2 solution (1 M), 2 nM reporter RNA
(5’/6-FAM/UUUUUUUUUUUUUUUUUUUU-Bio/
3’), 5 μL of target nucleic acid, and 26.5 μL of RNase-
free water were added. The reactions were carried
out at 37°C for 30 min.

The reaction complex was added to the strip, and
the results were evident after 3 min. There were strips
on both the control line (C) and test line (T), which
were negative results. A single band on the control
line (C) indicated a positive result. The ImageJ analysis
tool was used to examine the band strength.

2.10 Assessment of detection capabilities

Evaluation of specificity: After constructing different
viral plasmids (HCV, HDV, HEV, HIV), RAA was per-
formed using 103 copies/μL plasmid as a template, and
the products were subjected to a Cas13a-crRNA detec-
tion reaction. The products of HCV, HEV, HIV plasma
RNA extraction, reverse transcription, and RAA were
used to further evaluate the specificity of the method.
Evaluation of sensitivity: HBV plasmids diluted in gra-
dient concentrations (104, 103, 102, 101, 100 copies/μL)
were amplified by RAA for Cas13a-crRNA detection.
Clinical samples with different concentrations (104,
103, 102, 101, < 10 IU/mL) were further evaluated for
limits of detection (LoDs) after HBV DNA extraction
and RAA. Evaluation of repeatability: An HBV plasmid
of 103 copies/μL was amplified by RAA and then
repeatedly detected 20 times, and its endpoint fluor-
escence value was analyzed by using SIMCA.

2.11 Optimization of reaction conditions

The Cas13a-crRNA-fluorescence assay signal was uti-
lized to optimize the duration and temperature
throughout the process, and the endpoint fluorescence
value was chosen for comparison. The samples of
optimization process are all 105 IU/mL blood samples.
The optimization process controlled a single variable,
including time (5, 15, 30, 60 min) and temperature
(25, 37, 56, 95°C) of sample lysis, sample storage days
(0, 1, 3, 5, 7 days), RAA reaction time (5, 15, 30, 45,
60 min), temperature (25, 33, 36, 39, 42, 45°C) and tem-
plate volume (2, 4, 6, 10 μL), CRISPR reaction time (10,
20, 30 min) and temperature (25, 28, 31, 34, 37, 40, 43°
C), and comparison of plasma and serum.

2.12 Statistical analysis

The Cas13a-crRNA-fluorescence assay signal was
expressed as the mean of ≥3 independent reactions

± SD. GraphPad Prism software version 8.0 (Graph-
Pad, Inc., La Jolla, CA, USA) was used to determine
the means and SDs to calculate the analysis of variance
(ANOVA). The paired t test was used to detect mean
differences in quantification. All statistical tests were
two-sided, and statistical significance was defined as
P < 0.05.

3. Results

3.1 Construction of the Cas13a-crRNA detection
system for HBV DNA

The process of HBV DNA detection via CRISPR/
Cas13a-crRNA involved collecting plasma from
HBV patients and extracting HBV DNA following
sample processing. After RAA, target single-stranded
RNA (ssRNA) was transcribed by using T7 transcrip-
tase. When crRNA binds to ssRNA, the Cas13a acci-
dental cleavage activity is activated, cleaving the
reporter RNA, which may be detected using a fluor-
escence signal or a test strip (Figure 1(a)). After
sequence comparison, the conserved target HBV
sequence (approximately 200 bp) was chosen, and 5
crRNAs and 3 pairs of RAA primers were built
based on this sequence (Figure 1(b)), allowing
Cas13a-crRNA to detect numerous HBV subtypes.
The agarose gel electrophoresis assay results revealed
that primer F2R4 had the greatest amplification
efficiency and was employed in further studies (Figure
1(c)). The findings of Cas13a-crRNA fluorescence
detection revealed that crRNA3 was the most effective,
with the highest endpoint fluorescence value and the
best fluorescence efficiency (Figure 1(d)). This result
was validated by conservation analysis of the screened
RAA primers and crRNA (Figure 1(e)). Hence, we
were able to effectively establish a Cas13a-crRNA
detection system for HBV DNA.

3.2 Capability of the Cas13a-crRNA system for
detecting HBV DNA

The capability of the Cas13a-crRNA detection system
was assessed by determining the LoD, specificity, and
repeatability. We compared the sequences of con-
served regions of HBV with other common clinical
viruses, such as hepatitis viruses, and constructed cor-
responding plasmids for Cas13a-crRNA detection.
The findings revealed that HBV had the greatest term-
inal fluorescence detection value and the best fluor-
escence efficiency, with a detection specificity of
100% (Figure 2(a,b)). Moreover, the serially diluted
HBV plasmids were amplified by RAA for Cas13a-
crRNA detection. The Cas13a-crRNA detection sys-
tem found a low LoD of 101 copies/μL (Figure 2(c)).
When compared to qPCR, the standard approach for
detecting HBV DNA in clinical practice, qPCR
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detection had the same degree of LoD but reacted
more slowly (Figure 2(d)). For example, the Cas13a-
crRNAmethod detected the fluorescence signal within
10 min of reaction, whereas qPCR could not. In
addition, after 20 repeated trials, the Cas13a-crRNA
detection system’s standard deviation was lower, indi-
cating superior repeatability (Figure 2(e)). Moreover,
the constructed Cas13a-crRNA detection system can
satisfy for the detection needs of clinical samples in
terms of both specificity and sensitivity (Figure 2(f)).

3.3 Optimization of the Cas13a-crRNA detection
system for HBV DNA

We optimized and compared the Cas13a-crRNA
detection process by the fluorescence signal intensity
at the end point as a scale. The best reaction for the
sample lysis process was lysis at 37° for 15 min (Figure
3(a)), with the use of fresh plasma samples (Figure 3
(b)). The optimal choice for RAA was 39° amplifica-
tion for 30 min, using 6 μL of amplification template
for maximal fluorescence efficiency (Figure 3(c)).
The CRISPR reaction performed best at 37°, and the

entire reaction process was finished in less than
30 min. At this time, the slope of the curve tangent
was near 1 (Figure 3(d)). We also evaluated how the
difference in plasma and serum affected the detection
of HBV-infected individuals. The results showed that
the effect of plasma was better (Figure 3(e)). There-
fore, the Cas13a-crRNA detection system for HBV
DNA was optimized and used in the subsequent step.

3.4 Cas13a-crRNA-Based strip assay for HBV
DNA

We used the Cas13a-crRNA system in conjunction
with colloidal gold test strips to detect HBV DNA
rapidly and portably. The following is the “elimination
method” strip detection of HBV DNA principle
(Figure 4(a)): The test strip was constructed contain-
ing a sample pad, conjugation pad (with colloidal
gold-labeled FAM antibody), test line (with avidin),
control line (with anti-FAM antibody), and absorp-
tion pad. The liquid dropped onto the test strip runs
through the conjugation pad, detection line, and con-
trol line in that order, according to the test strip’s

Figure 1. Construction of a Cas13a-crRNA Detection System for HBV DNA. Data are representative of at least three indepen-
dent experiments. (****<0.0001, ***<0.001, **<0.01) (A) Process of the Cas13a-crRNA detection system for HBV DNA detection. (B)
The schematic diagram of the design includes five crRNAs and four pairs of RAA primers, and the band (5’ to 3’) indicates the
conserved region of the HBV sequence that was screened. (C) Screening of RAA primers. HBV-positive plasmids (103 copies/μL)
were amplified by RAA, and the amplified products were subjected to DNA agarose gel electrophoresis. Then, the F2R4 primers
screened out were further verified by using an HBV-positive plasmid (105 copies/μL). (D) Screening of crRNA. The two figures are
the comparison of the dynamic fluorescence curve and end-point fluorescence value of different crRNAs. The chosen RAA primers
amplified the HBV-positive plasmid (103 copies/μL) and served as a template for Cas13a-crRNA fluorescence detection to verify five
crRNAs. (E) Conservation analysis of selected crRNA and RAA primers by WebLogo.

Emerging Microbes & Infections 5



siphon effect. When the Cas13a-crRNA complex
detects the target nucleotide, Cas13a engages in
trans-cleavage activity to cleave the reporter RNA
(FAM-Reporter RNA-Biotin). The colloidal gold mol-
ecules are unable to remain on the test line due to clea-
vage of the reporter RNA, so no bands emerge
(positive). Conversely, colloidal gold molecules reside
on the test line due to the formation of “colloidal gold-
labeled FAM antibody-FAM-Reporter RNA-Biotin–
Avidin” complexes and thus appear as bands (Nega-
tive). Notably, the control line was coated with anti-
FAM antibody and could bind to colloidal gold-
labeled FAM antibody to display bands in either cir-
cumstance. The test strip was judged as invalid if no
bands appeared. Subsequently, the method was vali-
dated using gradient concentrations of HBV plasmids
(Figure 4(b)) and clinical plasma samples with differ-
ent viral loads (Figure 4(c)), all of which were positive.

3.5 Cas13a-crRNA-assisted HBV DNA strip assay
in LLV patients

To evaluate the validity of Cas13a-crRNA for strip
detection, HBV-infected LLV patients were selected
for clinical validation. The results indicated that

healthy people and no-detection individuals had nega-
tive results, whereas LLV patients had positive results
(Figure 5(a)). Moreover, according to a comparison of
the three methods of qPCR, Cas13a-crRNA strip
detection and Cas13a-crRNA fluorescence detection,
the positive coincidence rate of Cas13a-crRNA strip
detection in the detection of HBV DNA in LLV
patients was approximately 87%, and the negative
coincidence rate was 100% (Figure 5(b)). Notably,
when HBV DNA levels in LLV patients exceeded
100 IU/mL, the positive coincidence rate of Cas13a-
crRNA strip detection reached 100% (Figure 5(b)).

3.6 Cas13a-crRNA-assisted HBV DNA strip assay
in antiviral therapy patients

To further evaluate the validity of Cas13a-crRNA for
strip detection, the dynamic plasma samples of 23
CHB antiviral patients (111 samples) were chosen to
increase the number of clinical samples for validation.
The qPCRdetection results showed the change trend in
plasma HBV DNA at different time points in different
patients taking antiviral drugs (Figure 6(a) and Sup-
plementary Figure 3). The Cas13a-crRNA strip detec-
tion results of each patient’s corresponding dynamic

Figure 2. Capability of the Cas13a-crRNA Detection System for HBV DNA. Data are representative of at least three indepen-
dent experiments. (NC: negative control, ND: no detection for HBV DNA in HBV-infected patients, ****<0.0001, ***<0.001, **<0.01,
*<0.05). (A) The specificity assessment of the Cas13a-crRNA detection system using HBV, HCV, HDV, HEV, and HIV plasmid (103

copies/μL). (B) The alignment of conserved regions of HBV with other common clinical viruses (HIV, HCV, HDV, and HEV). RAA
primer and crRNA-binding regions are highlighted in yellow and red, respectively. (C) The sensitivity assessment of the
Cas13a-crRNA detection system by HBV plasmids diluted in gradient concentrations (100∼104 copies/μL). (D) qPCR amplification
curves of HBV plasmids at different concentrations (100∼106 copies/μL). (E) The repeatability assessment of the Cas13a-crRNA
detection system by HBV plasmid (103 copies/μL) (Standard Deviation, Std. dev.). (F) The specificity assessment of the Cas13a-
crRNA detection system by clinical samples (103 IU/mL) and the sensitivity assessment of the Cas13a-crRNA detection system
by clinical samples with different concentrations (104, 103, 102, 101, <10 IU/mL).
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time point were consistent with the qPCR results
(Figure 6(b)). In addition, using qPCR as the standard
for HBV DNA detection, the sensitivity, specificity,
positive predictive agreement (PPA), and negative pre-
dictive agreement (NPA) values of Cas13a-crRNA strip
detection for HBV DNA in the dynamic samples from
CHB antiviral patients were 100%, 92.15%, 93.75% and
100%, respectively (Figure 6(c)).

4. Discussion

The new method for HBV DNA detection established
and explored in this study reveals numerous distinct
benefits for meeting the demands of detecting HBV-
related diseases: (1) Rapid and portable HBV DNA
detection was possible based on the combination of
nucleic acid detection with the immunocolloidal
gold chromatography technique. (2) HBV DNA detec-
tion based on the CRISPR/Cas13a system exhibits
excellent specificity and sensitivity, and it can cover
8 genotypes of HBV (3) This method has great stability
and predictive value for detecting HBV DNA in
patients with LLV and in those receiving antiviral
treatment. (4) The benefits of low cost and easy pro-
motion can significantly alleviate the difficulties of
uneven HBV diagnosis, low detection efficiency, and
limited coverage.

The test strip application offers the most benefit in
terms of rapidity and portability in the diagnosis and
screening of HBV infection. Currently, in many poor

countries and locations with high HBV incidence,
qPCR and ELISA detection technologies may not be
the ideal choices for HBV detection [20, 21], resulting
in low HBV detection efficiency and coverage due to
space and time constraints. However, this issue
could be overcome by the test strip, which is associated
with fast results and portability and can be performed
by nonlaboratory or nonmedical individuals and thus
could be used for patient self-monitoring, and the
results are accessible in a timely manner for evaluating
illness and are particularly useful in remote rural
locations [22]. Hence, for this study, we picked the
portable colloidal gold test strip, which is most widely
used in POCT. Moreover, it considerably reduces the
turnaround time for clinical samples, and test findings
are easily available at the point of care, allowing for
more timely clinical decision-making and treatment
[23]. We discovered that the approach established in
this paper is faster than qPCR detection. Notably,
most of the time is consumed by sample processing
and this processing uses a little equipment. Fortu-
nately, extracting HBVDNA in under 30 s is no longer
a pipe dream [24], and we may be able to shorten and
optimize our procedure even more. We also discov-
ered that plasma was more suitable than serum for
the detection of HBV DNA in our study. We hypoth-
esized that a small number of HBV particles in the
blood may be wrapped together to form clots due to
fibrin contraction and the aggregation of red blood
cells during the coagulation process, resulting in a

Figure 3. Optimization of the Cas13a-crRNA Detection System for HBV DNA. Data are representative of at least three inde-
pendent experiments. (NC: negative control, *<0.05). (A) Optimization of sample lysis time (5, 15, 30, and 60 min) and sample lysis
temperature (25, 37, 56, and 95°C). (B) Comparison of sample storage days (0, 1, 3, 5, and 7 days). (C) Optimization of RAA reaction
time (5, 15, 30, 45, 60 min), temperature (25, 33, 36, 39, 42, 45°C) and template volume (2, 4, 6, 10 μL). (D) Optimization of CRISPR
reaction time (10, 20, and 30 min) and temperature (25, 28, 31, 34, 37, 40, and 43°C). K1, K2 and K3 represent the slope of fluor-
escence curve at the time points of 10, 20 and 30 minutes of CRISPR reaction, reflecting the amplification efficiency. (E) Compari-
son of plasma and serum.
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slightly lower HBV level in serum than in plasma.
Moreover, other research has indicated that in clinical
settings, plasma samples are better suited for liquid
biopsy [25]. In addition to the inexpensive cost of
this test, the expense of acquiring and maintaining
equipment, staff training, and needless patient trans-
portation are significantly reduced [22].

We applied CRISPR/Cas13a technology to detect
HBV DNA to achieve high sensitivity and high
specificity. CRISPR is an acquired immune system
in most bacteria and archaea that protects them
from viral invasion. It can recognize and incorporate
foreign viral gene segments and then be transcribed
to specific crRNA. crRNA guides the Cas protein
with endonuclease activity to recognize and degrade
specific target sequences [26, 27]. Furthermore, in
recent years, scientists have discovered that some
Cas proteins (e.g. Cas13a) have additional cleavage
activity, allowing them to construct a breakthrough
new molecular diagnostic method employing
CRISPR/Cas technology, which has been hailed as
one of seven “disruptive” innovations [28-30].
Zhang Feng’s team, for example, used CRISPR/
Cas13a combined with RPA technology to identify
single nucleic acid molecules. This does meet the cri-
teria for high-sensitivity detection while also meeting
the condition for high-specificity detection. Notably,
Zhang Feng’s research group developed a CRISPR/
Cas13a nucleic acid rapid detection technology suit-
able for lateral flow immunochromatography
(LFCA) by modifying biotin and the small-molecule

antigen FAM at both ends of the reporter RNA
[31], and this technology has been applied to test
for SARS-CoV-2 [32]. In a previous study, Cas12a
was combined with loop-mediated isothermal
amplification (LAMP) technology to achieve HBV
DNA detection without requiring specialized equip-
ment [33]. In our study, however, we employed
Cas13a in combination with RAA, optimized the pro-
cedure, and increased the number of clinical vali-
dation samples, particularly for LLV patients.

Long-term LLV infection is linked to the develop-
ment of liver fibrosis, cirrhosis, and possibly hepato-
cellular carcinoma [34-36], all of which make it
difficult to diagnose and treat HBV infection. Accord-
ing to research, 20%−37.9% of CHB patients have LLV
after first-line HBV antiviral therapy, and nearly 30%
of patients have low quantities of HBV DNA after 78
weeks of treatment [37]. Therefore, efficient detection
of HBV DNA levels is critical for assessing antiviral
drug efficacy and enhancing the diagnosis and treat-
ment of LLV patients. To verify our technique, we
used 100 LLV patients and 23 antiviral-treated
patients (111 dynamic samples). Although an 87%
positive coincidence rate was found in the LLV
patients, this might be attributed to the inefficiency
of HBV DNA extraction and purification. The qPCR
assay commonly used in clinical practice extracts
HBV DNA from 1 mL of plasma and determines its
concentration, whereas we used only 200 µL of plasma
during our study, so only one-fifth of the HBV DNA
was extracted. Hence, the clinical samples (qPCR

Figure 4. Cas13a-crRNA-Based Strip Assay for HBV DNA. Data are representative of at least three independent experiments.
(NC: negative control, PC: positive control). (A) Schematic diagram of the Cas13a-crRNA nucleic acid detection strip. (B) The gra-
dient concentration of HBV plasmids (10-1∼106 copies/μL) was assayed with a Cas13a-crRNA nucleic acid detection strip. The sig-
nal intensities of the T and C bands were generated using ImageJ software. (C) Clinical samples of HBV infection with different viral
loads (<10∼106 IU/mL, n=42) were assayed with a Cas13a-crRNA nucleic acid detection strip. The signal intensities of the T and C
bands were generated using ImageJ software.
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quantitative assay results <100 IU/mL) showed
instability in the assay, probably related to the HBV
DNA extracted by one fifth of it. Furthermore, the
specificity was 92.15% and the PPA was 93.75% for

the 111 antiviral treatment blood samples since we
detected 4 positive samples among those that were
negative by qPCR, which also proves the high sensi-
tivity of the method to a certain extent.

Figure 5. Figure 5. Cas13a-crRNA-Assisted HBV DNA Strip Assay in LLV Patients. Data are representative of at least three
independent experiments. (NC: Negative Control, PC: Positive Control, HP: Healthy People, ND: No detection for HBV DNA in
HBV-infected patients, <10: The content of HBV DNA in the sample was 10 IU/mL, 101: The content of HBV DNA in the sample
was 101 IU/mL, 102: The content of HBV DNA in the sample was 102 IU/mL, 103: The content of HBV DNA in the sample was
103 IU/mL.). (A) LLV clinical samples (<10∼103 IU/mL) of HBV infection were assayed with a Cas13a-crRNA nucleic acid detection
strip. The signal intensities of the T- and C-bands were generated using ImageJ software. (B) Analysis of positive/negative coinci-
dence rate about Cas13a-crRNA assay for detection of HBV DNA in HBV-infected patients.

Figure 6. Cas13a-crRNA-Assisted HBV DNA Strip Assay in Antiviral Therapy Patients. Data are representative of at least three
independent experiments. (A) The dynamic line chart by GraphPad Prism shows the changes in HBV DNA levels (IU/mL) in patients
treated with antiviral therapy. (B) Antiviral therapy dynamic plasma samples (IU/mL) were assayed with a Cas13a-crRNA nucleic
acid detection strip. (C) Analysis of sensitivity, specificity, PPA, and NPA about Cas13a-crRNA assay for detection of HBV DNA in
antiviral therapy patients.
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We previous developed a novel CRISPR-based assay
for the highly sensitive and specific detection of HBV
cccDNA, presenting a promising alternative for accu-
rate detection of HBV infection, antiviral therapy evalu-
ation and treatment guidance [38]. The goal of this
study is to drive the detection of HBV infection to effec-
tively adaptable for any small to medium-sized labora-
tory or a field survey. Of course, there are still some
deficiencies in our research. For example, not quantitat-
ive and limitation of handling number of specimens,
comparing to recently advanced high volume
through-put and even using autoanalyzer. Moreover,
the samples are processed for DNA extraction, RAA,
and at last being applied to the test strip, which pro-
cedure appears unhandy and difficult to be applied
and popularized widely now. However, it has become
a reality to complete the lysis of blood samples in 30 s
in order to extract and purify DNA [24]. Moreover, a
recent study found that the RPA and crRNA-Cas reac-
tion processes may be completed in the same system
[39], allowing us to improve the reaction time, stream-
Line the process and accomplish “one-step” detection.
In addition to qPCR, presently RAA isothermal
amplification technics are already commercially avail-
able at hand, which can fully achieve large-scale pro-
motion and application. Hence, the test strip in this
study will fully assist POCT of HBV DNA for clinical
use and in low-income countries.

We believe that this rapid and portable HBV DNA
detection test strip or other analogous tests will have
the ability to rapidly extend the diagnostic screening
capacity and coverage of HBV-infected patients, par-
ticularly for LLV patients. Furthermore, this study pro-
vides a visual and faster alternative to current PCR-
based diagnosis for HBV infection. This may simplify
the process of validating the efficacy of antiviral therapy
in HBV-infected patients and help solve the global pub-
lic health problem of HBV infection.
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