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ABSTRACT
Background & Aims: Hepatitis delta virus (HDV) infection accelerates the progression of chronic hepatitis B virus (HBV)
infection, posing a large economic and health burden to patients. At present, there remains a lack of accurate and
portable detection methods for HDV RNA. Here, we aim to establish a convenient, rapid, highly sensitive and specific
method to detect HDV RNA using CRISPR–Cas13a technology.
Methods: We established fluorescence (F) and lateral flow strip (L) assays based on CRISPR–Cas13a combined with RT–
PCR and RT-RAA for HDV RNA detection, respectively. we conducted a cohort study of 144 patients with HDV-IgG positive
to evaluate the CRISPR–Cas13a diagnostic performance for identifying HDV in clinical samples, compared to RT–qPCR
and RT-ddPCR.
Results: For synthetic HDV RNA plasmids, the sensitivity of RT–PCR-CRISPR-based fluorescence assays was 1 copy/μL,
higher than that of RT–qPCR (10 copies/μL) and RT-ddPCR (10 copies/μL); for HDV RNA-positive samples, the
sensitivity of RT-RAA-CRISPR-based fluorescence and lateral flow strip assays was 10 copies/μL, as low as that of RT–
qPCR and RT-ddPCR, and the assay took only approximately 85 min. Additionally, the positivity rates of anti-HDV IgG-
positive samples detected by the RT–qPCR, RT-ddPCR, RT–PCR-CRISPR fluorescence and RT-RAA-CRISPR lateral flow
strip methods were 66.7% (96/144), 76.4% (110/144), 81.9% (118/144), and 72.2% (104/144), respectively.
Conclusions: We developed a highly sensitive and specific, as well as a portable and easy CRISPR-based assay for the
detection of HDV RNA, which could be a prospective measure for monitoring the development of HDV infection and
evaluating the therapeutic effect.
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Introduction

Hepatitis delta virus (HDV) infection is one of the most
serious liver diseases. It is estimated that 15-20 million
people are infected with HDV worldwide [1,2]. The
HDV genome is a single-stranded negative sense RNA
that contains 1672 to 1679 nucleotides, andHDV is a sat-
elliteRNAvirus that canpropagateonly in thepresenceof
hepatitisBvirus (HBV) [3,4].HBVcoinfectionwithHDV
can dramatically accelerate progression to cirrhosis and
the development of hepatocellular carcinoma relative to
chronic HBV infection alone. Chronic infection with
HDV is considered to be the most severe form of human
viral hepatitis infection, significantly increasing the risk
of cirrhosis, hepatocellular carcinoma, andacute liver fail-
ure, leading to a reduced life expectancy [5,6].

At present, the diagnosis of HDV relies on the total
antibody against HDV (anti-HDV), which can be

detected by enzyme-linked immunosorbent assay
(ELISA) or radioimmunoassay (RIA) [7]. For instance,
all individuals infected with HDV are positive for IgG
antibodies, which persist after virus clearance; IgM
antibodies persist in a large proportion of patients
with chronic infection and are considered by some
investigators as a surrogate marker for HDV replica-
tion [8]. However, the presence of anti-HDV is not
always associated with active infection. Within weeks
of acute infection, antibodies are still undetectable
and do not differentiate between active and resolved
infection. Anti-HDV IgM emerges earlier during
acute infection but is infrequently detectable in
chronic phases and therefore not very useful for
confirmation of infection [9]. Currently, the marker
that best indicates HDV replication is HDV RNA in
the plasma or serum, which is detected in all patients
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with acute or chronic infection and not detected after
spontaneous or treatment-induced viral clearance
[3,10].

HDV RNA sequences thus far have been classified
into eight known genotypes (HDV-1–8) based on
the nucleotide sequence [11]. These genotypes are dis-
tributed across different geographical regions. Among
them, HDV-1, HDV-2 and HDV-4 are found in Asia
[6,11]. Real-time quantitative PCR (RT–qPCR) is the
method commonly used to evaluate the HDV-RNA
viral load, and several in-house and commercial assays
have been developed [10,12,13]. Unfortunately, the
results showed high variability due to the heterogen-
eity of technical tools, including extraction methods,
RT–qPCR devices, and internal controls from differ-
ent laboratories. Recently, we studied the detection
of HDV RNA using digital PCR, which allows accurate
quantification and has a sensitivity of 1 copy/μL [14].
This provides a newmethod for the quantitative detec-
tion of HDV RNA, but its application cost is high, and
it is not conducive to large-scale application. There-
fore, it is very important to develop an economical
and sensitive detection method for HDV RNA to
monitor the occurrence and development of disease
and evaluate the therapeutic effect.

The clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated protein (Cas)
system is an acquired immune system for the clea-
vage of foreign genetic elements from invading
viruses and phages and was first identified in bac-
teria and archaea [15,16]. The CRISPR–Cas system
contains several proteins, such as CRISPR/Cas12a,
CRISPR/Cas13a and CRISPR/Cas14a, which have
been widely applied in nucleic acid analysis for
their good specificity and signal amplification ability
[17,18]. The CRISPR/Cas13a system recognizes and
detects target RNA sequences, and the CRISPR/
Cas12a and CRISPR/Cas14a systems recognize and
detect target DNA sequences [17,18]. These proteins
have trans-cleavage activity and have been utilized
to develop diverse nucleic acid detection modalities,
including DETECTR, SHELOCK, HOLMES, CAR-
MEN and so on [19–21]. The advantages of the
CRISPR–Cas detection system are convenience,
cost-effectiveness, high sensitivity and specificity,
and it provides a new method for nucleic acid
detection.

Here, we describe the development of an efficient,
accurate and portable assay for detecting HDV RNA
using the CRISPR–Cas13a system combined with
RT–PCR and RT-RAA nucleic acid amplification
methods. The final results can be displayed by fluor-
escence readout and a lateral flow strip. This method
provides a new measure for monitoring the occur-
rence and development of HDV infection and evaluat-
ing the therapeutic effect.

Materials and methods

Clinical sample collection and ethics approval

Plasma samples were collected from 144 anti-HDV
IgG positive patients with HBV-related infection and
10 healthy subjects at Beijing Youan Hospital, Capital
Medical University. The HBV viral load and anti-
HDV IgG or IgM of these plasma samples were
measured by the laboratory department. All plasma
samples were collected and stored at – 80°C until pro-
cessing, and details were anonymized during sub-
sequent laboratory tests for each patient. Ethical
approval of the study was given by the Beijing
Youan Hospital’s human research committee (Ethical
code: LL-2020-167-K), and all patients provided
informed consent. The procedures followed were in
accordance with the ethical standards of the Commit-
tee responsible for human experiments and the
Declaration of Helsinki of 1975, as amended in 1983.

Plasmid and RNA sample preparations

The target gene fragments of HDV were synthesized
and cloned into the pUC57 vector (Biomed Biotech-
nology, Beijing China). Synthetic DNA targets with a
forward primer that contained a T7 promoter
sequence were transcribed in vitro to generate syn-
thetic RNA targets. The product was used as the tem-
plate using the HiScribe T7 High Yield RNA Synthesis
Kit (New England Biolabs, USA) at 37°C overnight.

The transcribed RNA was then treated with RNase-
free DNase I (Qiagen, Germany) to remove any
remaining DNA according to the manufacturer’s
instructions. RNA was purified using RNA Clean XP
(Beckman Coulter, USA), quantified by Nanodrop
and Qubit and diluted in nuclease-free water to work-
ing concentrations. HDV RNA was extracted from
200 μl plasma samples using an automated nucleic
acid extraction system (Bioteke, China) according to
the manufacturer’s instructions.

According to previous studies, thermal shock was
used to disrupt the secondary structure of HDV
RNA, that is, 10 μL of HDV RNA at 95°C for 10 min,
immediately followed by cooling to −80°C [22,23].

World health organization international
standard for HDV

The World Health Organization International Stan-
dard (WHO-HDV-IS) for Hepatitis D Virus RNA
for Nucleic Acid Amplification Techniques (NAAT)-
Based Assays was obtained from the Paul-Ehrlich-
Institut (Langen, Germany). The lyophilized plasma
standard was resuspended in 0.5 mL molecular
biology grade water. RNA was extracted from the
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WHO-HDV-IS, followed by 10-fold serial dilution
(5.75-57500 IU/mL).

Design of RT–PCR, RT-RAA primers and crRNAs

The sequences of the HDV 1-8 genotype were down-
loaded from the hepatitis delta virus database (https://
hdvdb.bio.wzw.tum.de/hdvdb/), and MAFFT version
7 was used for multiple sequence alignment. Three
RT–PCR primer sets were designed by Primer3
Plus (https://www.primer3plus.com/index.html).
Three RT-RAA primer sets and 4 crRNAs were
designed according to previous studies [24]. All
primer sets and crRNAs spanned the conserved pos-
ition in sequences of HDV genotypes and were
screened for efficiency in the optimization exper-
iments. All forward primer sets contained a T7 pro-
moter sequence (5’-AATTCTAATACGACTCACTA
TAGGG-3’), and all sequences were synthesized by
Sangon Biotech Co., Ltd. (Shanghai) (Supplementary
Tables 1 and 2).

RT–PCR and RT-RAA

RT–PCR was performed using a HiScript II One Step
RT–PCR Kit (Vazyme, China) according to the man-
ufacturer’s protocol. The reaction system contained 25
μL of 2× One Step Mix, 2.5 μL of One Step enzyme
mix, 400 nM forward and reverse primers, 2 μL of
RNA template, and DNase/RNase-free water up to
50 μL. The RT–PCR cycling conditions were as fol-
lows: 55°C for 30 min and 94°C for 3 min, followed
by 30 cycles of 94°C for 30 s, 60°C for 30 s, and
72°C for 30 s and then by elongation at 72°C for
5 min. After amplification, 5 μL of the RT–PCR pro-
duct was analyzed using Cas13a-based detection.

For all the RT-RAA reactions, the RT-RAA kit from
Hangzhou ZC Bio-Sci&Tech Co. Ltd. was used
according to the instructions. Briefly, 25 μL of Buffer
A, 400 nM forward and reverse primers, 5 μL RNA
sample and 13.5 μL of RNase-free water were com-
bined into the detection unit tube containing dry reac-
tion powder; 2.5 μL Buffer B was then added to the
detection unit’s tube cover, the tube cover was closed,
and the mixture was well mixed with gentle shaking
upside down and rapidly centrifuged at low speed.
The reactions were incubated at 39°C for 30 min.
After amplification, 5 μL of the RT-RAA product
was analyzed using Cas13a-based detection.

Detection assay optimized reaction

The optimized reaction for RT-RAA-CRISPR–
Cas13a-based fluorescence detection was performed
at the endpoint fluorescence value. In the optimization
process, variables were individually controlled, includ-
ing the RT-RAA reaction time and temperature,

CRISPR–Cas13a reaction time and temperature, and
concentrations of Cas13a, MgCl2, crRNA and T7
RNA Polymerase.

Fluorescence-based CRISPR–Cas13a detection

The reaction procedure was conducted with the
following components: 2 μL ribonucleoside tripho-
sphates (rNTP) (New England Biolabs, USA), 1 μL
of RNase inhibitor (New England Biolabs, USA),
45 nM LwCas13a (GenScript, China), 20 mM
HEPES buffer solution (ThermoFisher Scientific,
USA), 10 mM MgCl2 solution, 1.5 μL crRNA, 0.5 μL
of T7 RNA Polymerase (New England Biolabs, Inc.),
2.5 μL RNA reporter (RNAse Alert, Thermo Scientific,
Waltham, MA, USA), 5 μL of RT–PCR or RT-
RAA amplified product, and 10.75 μL of RNase-free
water. The reactions were carried out at 37°C for
60 min using CFX Opus 96 (Bio-Rad, USA) every
2 min.

Lateral flow strip-based CRISPR–Cas13a
detection

According to a previous study [25], the reaction pro-
cedure was performed with the following components:
4 μL of rNTP (New England Biolabs, USA), 2 μL of
RNase inhibitor (New England Biolabs, USA), 45 nM
LwCas13a (GenScript, China), 3 μL of crRNA, 1 μL
of T7 RNA Polymerase (New England Biolabs,
USA), 20 mM HEPES buffer solution (ThermoFisher
Scientific, USA), 10 mM MgCl2 solution, 2 nM repor-
ter RNA (5’/6-FAM/UUUUUUUUUUUUUUUUUU
UU – Bio/3’), 5 μL of RT–PCR or RT-RAA amplified
product, and 26.5 μL of RNase-free water. The reac-
tion tubes were incubated at 37°C for 30 min. After
that, the reaction mixture was added to the strip
(Hangzhou ZC Bio-Sci&Tech Co. Ltd.), and the
results were observed after 3 min. Appearance of the
T-band and C-band on the strips indicated negative
results, while appearance of only the C-band indicated
a positive result. Lateral flow results were assessed by
measuring the pixel intensity of the test band using
ImageJ.

Evaluation of the CRISPR–Cas13a-based
detection assay

In vitro-transcribed HDV RNA and positive samples
were serially diluted in water to concentrations of
105, 104, 103, 102, 101, and 100 copies/μL and amplified
by RT–PCR or RT-RAA for CRISPR–Cas13a-based
detection to evaluate sensitivity. A total of 103 of
different viral plasmids (HCV, HEV, HIV) and posi-
tive samples were amplified by RT–PCR or RT-RAA
for CRISPR–Cas13a-based detection to evaluate
specificity.
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RT-quantitative real-time PCR (RT–qPCR) for
HDV RNA

RT–qPCR was performed using a HiScript II One Step
qRT–PCR SYBR Green Kit (Vazyme, China) accord-
ing to the manufacturer’s protocol. The forward and
reverse primers were 5’-GCGAATGGGACCCA-
GAACTC-3’ and 5’-GTCTCGCGTCCTTCTTTCCT-
3’, respectively. The 20 μL qPCR mix comprised 10
μL of 2×One Step SYBR Green Mix, 1 μL One Step
SYBR Green Enzyme Mix, 200 nM forward and
reverse primers, 2 μL of RNA template, and 6.2 μL
of RNase-free water. The RT–qPCR cycling conditions
were as follows: RT at 55°C for 3 min, heat activation
at 95°C for 30 min and 40 cycles of a denaturing step at
95°C for 10 s followed by annealing and elongation
steps at 60°C for 30 s.

RT-droplet digital PCR (RT-ddPCR) to quantify
HDV RNA

RT-ddPCR was performed on the TD-1TM Droplet
DigitalTM PCR system (TargetingOne, Beijing
China) following the manufacturer’s protocol. Thirty
microliters of reaction mix containing 7.5 μL of
ddPCR Supermix (4×), 400 nM primers (used for
RT–qPCR), 200 nM probes and 5 μL of the RNA tem-
plate was added to the droplet generation chip. Then,
180 μL of droplet generation oil was added, and the
chip was used for droplet generation by a Drop
Maker. The RT-ddPCR conditions were as follows:
50°C for 5 min and 95°C for 10 min, followed by 40
cycles of denaturation at 95°C for 30 s and annealing
at 60°C for 1 min and then by cooling at 12°C for 5
min. After that, the amplification products were

transferred into a droplet detection chip, which was
loaded on a chip reader for fluorescence detection.

Statistical analysis

Data were analyzed by GraphPad Prism 8.0.2 software
(GraphPad, Inc., La Jolla, CA, USA). Mean differences
in the data were determined by unpaired two-tailed
Student’s t tests. The data are represented as the
mean ± SEM. Statistical significance was defined as
P < 0.05.

Results

Schematic of CRISPR–Cas13a-based detection
assay for HDV RNA

In this study, we developed a novel strategy for the
ultrasensitive and fast detection of HDV RNA. As
illustrated in Figure 1, total RNA was extracted from
the plasma of clinical samples by an automated nucleic
acid extraction system, and then was subjected to ther-
mal shock at 95°C, immediately followed by cooling to
– 80°C. Subsequently, RT–PCR or RT-RAA amplifica-
tion was performed using primers targeting the con-
served HDV RNA region, which was then converted
to RNA by T7 transcription. In the Cas13a detection
system, target RNA can be specifically recognized by
the Cas13a – crRNA complex to trigger Cas13a
activity and to cleave RNA reporters, which are
detected by fluorescent instruments or visualized by
lateral-flow strips.

Specifically, to improve the sensitivity of HDV
RNA detection, total RNA was amplified by RT–
PCR, and the final fluorescent signal was detected by

Figure 1. Schematic of the principle of CRISPR–Cas13a-based detection for HDV RNA. Total RNA was extracted from samples using
an automated nucleic acid extraction system and subjected to thermal shock and colling (25 min). It is then isothermally amplified
to DNA by RT–PCR or RT-RAA (30 min). Then, the DNA is converted to RNA by T7 transcription, and homology binding between the
Cas13a-crRNA complex and amplified RNA target triggers the collateral activity of Cas13a, which leads to the cleavage of RNA
reporters. The cleaved RNA reporter can be visualized by fluorescence signal detection or captured on a colorimetric lateral
flow strip (30 min). C, control line. T, test line.
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fluorescent instruments. When total RNA was
amplified by RT-RAA, the final fluorescent signal
was visualized by a lateral-flow strip, making the
detection method faster and more convenient. RNA
extraction from plasma samples and thermal shock
took 25 min, and RT-RAA amplification and lateral-
flow strip detection took 60 min. Thus, the whole pro-
cess took 85 min, providing a new method for fast and
easy detection of HDV RNA in the field.

Design and verification of primers and crRNAs

To find the fragment of the relatively conserved
region, sequences of HDV genotypes 1-8 were down-
loaded, and multiple sequence alignment was per-
formed (Supplementary Fig. S1). Three sets of
primers and four crRNAs were designed for RT–
PCR-CRISPR and RT-RAA-CRISPR assays, respect-
ively (Fig. 2A and B). Screening of four crRNAs for
RT–PCR and RT-RAA amplification using RNA tem-
plates that were generated through in vitro transcrip-
tion of synthetic DNA targets was performed with the
CRISPR–Cas13a fluorescence assay. As shown in Fig.
2C and D, the kinetics of the fluorescence signal of
crRNA3 were the highest for RT–PCR amplification,
while crRNA1 demonstrated higher kinetics of the
fluorescence signal than the other three crRNAs for
RT-RAA amplification. Furthermore, we found that

fluorescence signals could be clearly detected in 30
min for two crRNAs.

We then verified the availability of three sets of RT–
PCR and RT-RAA primers. The RT–PCR primer pair
of F3 and R1 enabled the most efficient target amplifi-
cation, and the RT-RAA primer pair of F2 and R3
exhibited the best fluorescence efficiency (Fig. 2E
and F). Therefore, the crRNA3 and F3R1 primer
pair was chosen for the subsequent RT–PCR-CRISPR
detection assay, and the crRNA1 and F2R3 primer pair
was chosen for the RT-RAA-CRISPR detection assay.

Optimization of the RT-RAA-CRISPR detection
assay

RT-RAA amplification and CRISPR-based detection
are enzymatic reactions, and the detection capacity is
closely related to parameters such as reaction time,
temperature, concentration of enzymes and Cas13a
protein. To achieve the best detection effect, we opti-
mized and evaluated some conditions related to detec-
tion by the fluorescence intensity at the end point.
Here, RT-RAA amplification was performed by incu-
bating from 0 to 50 min at 25°C, 32°C, 35°C, 39°C, and
42°C, and the fluorescence signal value reached a
maximum at 30 min and 39°C (Fig. 3A and B). For
the CRISPR–Cas13a reaction time and temperature,
the fluorescence intensity peaked at 60 min and 37°

Figure 2. Schematic and screening of crRNA and primers for the detection of HDV RNA. A. Location of the crRNA and RT–PCR
primer sets for the RT–PCR-CRISPR assay. B. Location of the crRNA and RT-RAA primer sets for the RT-RAA-CRISPR
assay. C. Kinetics of fluorescence signal within 60 min and fluorescence values in 30 min of four different crRNAs for RT–PCR-
CRISPR reaction. D. Kinetics of the fluorescence signal within 60 min and fluorescence values in 30 min of four different crRNAs
for the RT-RAA-CRISPR reaction. E. Heatmaps of 9 different primer pairs for RT–PCR-CRISPR reaction. F. Heatmaps of 9 different
primer pairs for the RT-RAA-CRISPR reaction. Forward denoted by “F”, reverse denoted by “R”. The data are the mean ± s.d. for
3 technical replicates. NC, Negative controls.
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C. Thus, 60 min and 37°C were selected as the optimal
amplification conditions in the following experiments
(Fig. 3C and D). Additionally, the concentrations of
the Cas13a protein, MgCl2, crRNA, and T7 RNA poly-
merase were also optimized by detecting the fluor-
escence intensity. The results show that the
fluorescence signal value peaked with a Cas13a con-
centration of 45 nM. Therefore, 45 nM Cas13a was
chosen as the optimal concentration (Fig. 3E), and
10 nM MgCl2, 300 nM crRNA and 0.8 U/mL T7
RNA polymerase were selected as the optimal reaction
conditions for subsequent experiments (Fig. 3F-H).

Evaluation of the CRISPR–Cas13a-based assay
using synthetic HDV targets

We next evaluated the sensitivity and specificity of
CRISPR–Cas13a-based detection with the most promis-
ing primer pairs, crRNA and optimal reaction con-
ditions. Synthetic RNA targets were serially diluted for
RT-RPA and subsequent detection with and without
thermal shock. As illustrated in Fig. 4, when thermal
shock and cooling was performed, the limit of detection
(LoD) of the RT–PCR-CRISPR method for synthetic
HDV RNA was 1 copy/μL with thermal shock, which
was the same as RT-ddPCR (y = 1.284x – 0.709, R² =
0.9204) and higher than that of the RT–qPCR (y =
−0.3938x + 15.132, R² = 0.997) detection approaches
(10 copies/μL) (Fig. 4A, C and D). However, the LoD
of the RT–PCR-CRISPR method for synthetic HDV

RNA was only 10 copies/μL without thermal shock.
Additionally, the fluorescence signal detected showed
that the LOD of RT-RAA-CRISPR was the same as
RT–qPCR method for synthetic HDV RNA with 10
copies/μL with thermal-shock treatment, while the
LOD of RT-RAA-CRISPR was 100 copies/μL without
thermal shock (Fig. 4B, C and D).

To estimate the specificity, hepatitis C virus (HCV),
hepatitis E virus (HEV), human immunodeficiency
virus (HIV) and HBV RNA gene fragments were
synthetized, and the end-point fluorescence intensity
demonstrated that RT–PCR-CRISPR or RT-RAA-
CRISPR was specific to HDV RNA with no cross-reac-
tivity (Fig. 4E, F).

Evaluation of the CRISPR–Cas13a-based assay
using an HDV-positive sample

To further verify the sensitivity and specificity of
CRISPR–Cas13a-based detection, we extracted RNA
from clinical positive samples. Using serial dilutions
of HDV RNA with and without thermal shock, we dis-
covered that RT–PCR-CRISPR achieved a sensitivity
as high as 1 copy/μL, which was was the same as
ddPCR and higher than that of RT–qPCR 10 copies/
μL when thermal shock was performed, and the sensi-
tivity of RT–PCR-CRISPR was only 10 copies/μL
without thermal shock (Fig. 5A, C and D). Moreover,
the fluorescence signal of RT-RAA-CRISPR was the
same as that of the RT–qPCR assays, with a value of

Figure 3. Optimization of the reaction conditions for the RT-RAA-CRISPR assay. A. Optimizing the reaction time of RT-RAA from 10,
20, 30, 40, 50 min. B. Optimizing the reaction temperature of RT-RAA from 25°C, 32°C, 35°C, 39°C, 42°C. C. Optimizing the reaction
time of CRISPR–Cas13a from 20, 40, 80, 60, and 100 min. D. Optimizing the reaction temperature of CRISPR–Cas13a from 28°C, 33°
C, 37°C, 41°C, and 45°C. E. Optimizing the concentration of Cas13a from 20, 45, 60, 100, and 120 nM. F. Optimizing the concen-
tration of MgCl2 from 5, 10, 15, 20, 25 nM. G. Optimizing the concentration of crRNA from 100, 200, 300, 400 nM. H. Optimizing the
concentration of T7 RNA polymerase from 0.2, 0.5, 0.8, 1 U/mL. The data are the mean ± s.d. for 3 technical replicates. ***: p <
0.001, ****: p < 0.0001.
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Figure 4. Evaluation of RT–PCR-CRISPR and RT-RAA-CRISPR assays using synthetic HDV targets. A. Fluorescence values of RT–PCR-
CRISPR for synthetic HDV target serial dilutions with and without thermal shock. B. Fluorescence values of RT-RAA-CRISPR for syn-
thetic HDV target serial dilutions with and without thermal shock. C. Ct values of RT–qPCR for synthetic HDV target serial dilutions
with and without thermal shock. D. Scatter plot of ddPCR for synthetic HDV target serial dilutions with and without thermal
shock. E. Fluorescence values of RT–PCR-CRISPR for different synthetic targets (HCV, HEV, HIV, HBV RNA). F. Fluorescence values
of RT-RAA-CRISPR for different synthetic targets (HCV, HEV, HIV, HBV RNA). The data are the mean ± s.d. for 3 technical replicates.
NC, Negative controls. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

Figure 5. Evaluation of RT–PCR-CRISPR and RT-RAA-CRISPR assays using HDV-positive samples. A. Fluorescence values of RT–PCR-
CRISPR for HDV-positive sample serial dilutions. B. Fluorescence values of RT-RAA-CRISPR for HDV-positive sample dilutions. C. Ct
values of RT–qPCR for HDV-positive sample serial dilutions. D. Scatter plot of ddPCR for HDV-positive sample serial
dilutions. E. Fluorescence values of RT–PCR-CRISPR for different positive samples (HCV, HEV, HIV, HBV RNA). F. Fluorescence values
of RT-RAA-CRISPR for different positive samples (HCV, HEV, HIV, HBV RNA). The data are the mean ± s.d. for 3 technical replicates.
NC, Negative controls. *: p < 0.05, **: p < 0.01, ***: p < 0.001.
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10 copies/μL with thermal shock, while the LOD of
RT-RAA-CRISPR was 100 copies/μL without thermal
shock (Fig. 5B, C and D).

Clinical positive samples of HCV, HEV, HIV and
HBV RNA were extracted to explore specificity. The
results show the high specificity of this method (Fig.
5E, F). Thus, the CRISPR–Cas13a-based assay also
has high sensitivity and specificity for clinically posi-
tive samples.

Evaluation of the CRISPR–Cas13a-based assay
using WHO-HDV-IS

We next used WHO-HDV-IS to measure the sensi-
tivity of RT–qPCR and RT–PCR-CRISPR. As shown
in Supplementary Fig. S2, after thermal shock and
cooling, the sensitivity of the RT–PCR-CRISPR
method to detect WHO-HDV-IS was 5.75 IU/mL,
which was higher than that of the RT–qPCR method
(57.5 IU/mL). Therefore, our established RT–PCR-
CRISPR assay has the same high sensitivity for the
detection of WHO-HDV-IS.

CRISPR–Cas13a-based lateral-flow detection

To explore rapid and portable testing of HDV RNA,
we combined RT-RAA-CRISPR detection with col-
loidal gold-based lateral flow strips. According to pre-
vious research, the schematic diagram is shown in
Figure 6A. The RNA reporter is functionalized with
biotin and FAM-reporter, allowing capture on a lat-
eral-flow strip with streptavidin and detection with
FAM antibody conjugated to colloidal gold. When

HDV RNA targets were recognized by crRNA, the col-
lateral activity of the Cas13a protein cleaved the RNA
reporter. FAM antibody with colloidal gold cannot
bind to the test line for “positive”, binding instead
on the “negative” line. We then evaluated the
efficiency of the RT-RAA-CRISPR-lateral flow strip.
The results suggested that the LoD of this method
was 10 copies/μL for both synthetic targets and clinical
positive samples (Fig. 6B). Additionally, the lateral
flow strip did not detect any other virus targets and
showed high specificity (Fig. 6C).

Performance of CRISPR–Cas13a-based assay in
clinical samples

We then tested HDV RNA in plasma from 144 anti-
HDV-positive clinical patients with RT–qPCR, RT-
ddPCR, RT–PCR-CRISPR-fluorescence (F) and RT-
RAA-CRISPR-lateral flow strip (L). Anti-HDV in all
clinical samples was detected by the Clinical Labora-
tory Center of Beijing YouAn Hospital, Capital Medi-
cal University (Supplementary Table 3). Among 144
anti-HDV-positive patients, 96 HDV RNA samples
were detected by RT–qPCR (positive rate: 66.7%, 96/
144), 110 samples were detected by RT-ddPCR (posi-
tive rate: 76.4%, 110/144), 118 samples were detected
by RT–PCR-CRISPR (F) (positive rate: 81.9%, 118/
144), and 104 samples were detected by RT-RAA-
CRISPR (L) (positive rate: 72.2%, 104/144). Among
98 anti-HDV IgG – and IgM-positive samples, the
positive rate was 73.4% (72/98) by RT–qPCR, 81.6%
(80/98) by RT-ddPCR, 87.8% (86/98) by RT–PCR-
CRISPR (F), and 79.6% (78/98) by RT-RAA-CRISPR

Figure 6. RT-RAA-CRISPR-lateral flow strip assay for HDV RNA. A. Illustration of the Cas13a-crRNA combined lateral flow strip
assay. B. Lateral flow strip detection of synthetic HDV RNA and HDV-positive sample serial dilutions using RT-RAA-CRISPR after
30 min. C. Lateral flow strip detection of synthetic RNA and positive samples (HCV, HEV, HIV, HBV RNA) using RT-RAA-CRISPR
after 30 min. The data are the mean ± s.d. for 3 technical replicates. C, control line. T, test line.
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(L). (Fig. 7). The results suggested that the CRISPR-
based assay has a high positive detection rate for
HDV RNA in clinical samples, while the RT-RAA-
CRISPR (L) assay offers faster detection times and
easier operation, which is more conducive to testing
in the field.

Discussion

In this study, we developed a CRISPR–Cas13a-based
detection method for HDV RNA combined with
RT–PCR or RT-RAA amplification. Total RNA from
plasma samples was extracted by an automated nucleic
acid extraction system and subjected to thermal shock,
which took 25 min; RT–PCR or RT-RAA assay was
then performed to amplify HDV RNA targeted frag-
ments, which took 30 min; the target RNA was then
detected using the CRISPR–Cas13a system, and the
results were determined by fluorescent instruments
or lateral-flow strips, which took 30 min. The detec-
tion of synthetic plasmids and clinical positive samples
revealed that the RT–PCR-CRISPR fluorescence
method has high sensitivity and specificity, while the
RT-RAA-CRISPR lateral-flow strip assay can provide
accurate and portable detection outcomes within 85
min. The difference between RT-PCR-CRISPR and
RT-RAA-CRISPR is the amplification method, one is
by RT-PCR amplification, the other is by RT-RAA
amplification. RT-PCR is a technique that cDNA is
used as a template for denaturation, annealing and
extension under the action of DNA polymerase to
amplify the target fragment. RT-RAA is an at-constant
temperature rapid nucleic acid amplification

technique that utilizes recombinases, single-stranded
DNA binding proteins, DNA polymerases and reverse
transcriptase obtained from bacteria to amplify the
target fragments at a constant temperature of 30-42°
C. The similarity is that both methods use CRISPR
technology for detection. RT-PCR-CRISPR technol-
ogy has better sensitivity and detection rate than RT-
RAA-CRISPR technology, but RT-RAA-CRISPR tech-
nology is easier to operate and saves time. Therefore,
RT-PCR-CRISPR technology is more suitable for
clinical testing, while RT-RAA-CRISPR technology is
more suitable for on-site testing and screening.

Currently, the main method of HDV screening is
by detecting total HDV antibody (anti-HDV), includ-
ing by ELISA or RIA, but it may not be detected in the
initial weeks of acute infection [26]. Confirmation of
HDV infection is based on detection of HDV RNA
by quantitative polymerase chain reaction (PCR).
PCR plays a critical role in the diagnosis and thera-
peutic monitoring of HDV-infected patients [8,27].
A previous study reported that a one-step TaqMan
quantitative reverse transcription-polymerase chain
reaction (qRT–PCR) assay was developed for the
detection of HDV RNA. The limit of detection of
this assay was 7.5×102 copies/ml, and a 31.1% HDV
RNA-positive rate was detected in anti-HDV-positive
specimens [28]. However, on the basis of the nucleo-
tide and amino acid sequences of the hepatitis delta
antigen coding region, HDV RNA sequences are
classified into eight genotypes (HDV 1-8), which are
placed in different geographical regions [29]. A signifi-
cant number of studies have not detected all HDV
genotypes. In this study, we downloaded the

Figure 7. Detection of HDV RNA for patients with anti-HDV positive. Among the 144 HDV antibody positive samples, 98 samples
were positive for both IgG and IgM. RT-qPCR, RT-ddPCR, RT-PCR-CRISPR (F) and RT-RAA-CRISPR (L) methods were used for
detection.
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sequences of eight HDV genotypes from the HDV
database and performed sequence alignment analysis
to find a relatively conserved region in which the pri-
mers and crRNAs were designed. Thus, our estab-
lished CRISPR–Cas13a-based assay improves the
sensitivity and specificity of HDV RNA detection.

Although many studies have utilized RT–qPCR
methods for detection and quantification, there is a
lack of standardized PCR techniques for HDV RNA
used in different laboratories [26]. In 2013, the 1st
WHO-HDV-IS for HDV RNA was developed to
improve the standard uniformity of detection
methods. Previous studies have reported the detection
of WHO-HDV-IS using RT–qPCR, sequencing and
droplet digital PCR assay, which has been validated
to allow result comparison between the available
detection techniques [10,14,30]. Our study revealed
that the sensitivity of the RT–PCR-CRISPR method
for detecting WHO-HDV-IS was 5.75 IU/mL, which
was higher than that of the RT–qPCR method (57.5
IU/mL). Furthermore, effective quantification of
HDV RNA may be compromised by the presence of
70% internal base pairing in the HDV genome.
Researchers have used thermal shock to disrupt the
structure of the HDV RNA genome and improve the
efficiency of detection [22,23,31]. In our studies, syn-
thetic HDV targets and HDV-positive samples were
subjected to thermal shock. We demonstrated that
the sensitivity of RT–PCR-CRISPR, RT-RAA-CRISPR
and RT–qPCR assays with thermal shock was higher
than that without thermal shock.

As an efficient detection tool, the CRISPR–Cas13a
system has been used for the detection of a variety of
disease pathogens, such as some influenza viruses,
dengue viruses, and SARS-CoV-2, which have
emerged in recent years [32–34]. In a previous
study, we demonstrated that the sensitivity of the
CRISPR–Cas13a assay was 1 copy/μL for HBV cova-
lently closed circular DNA (cccDNA), and the posi-
tive coincidence rate in clinical liver tissue samples
was higher than that obtained by other methods;
we formerly established an efficient CRISPR–
Cas13a assay for HBV DNA with low-level viremia
(LLV) [24, 35]. In this study, we developed RT–
PCR-CRISPR and RT-RAA-CRISPR assays, both of
which allow highly sensitive and specific detection
of HDV RNA in less than 85 min. More importantly,
the RT-RAA-CRISPR assay combined with a lateral
flow strip is convenient and can be quickly per-
formed, requiring only a small thermostat for a
high-performance assay. We tested the plasma of 72
anti-HDV-positive patients using RT–qPCR, RT-
ddPCR, RT–PCR-CRISPR (F) and RT-RAA-CRISPR
(L) assays. Our data revealed that compared with the
RT–qPCR assay, RT–PCR-CRISPR (F) and RT-RAA-
CRISPR (L) had higher sensitivity and specificity
than ddPCR; RT–PCR-CRISPR (F) had higher

sensitivity and lower specificity than RT-RAA-
CRISPR (L), which may be due to the better fluor-
escence recognition capability of the fluorescence
detector. Anti HDV antibodies are the preferred
screening method for detecting HDV infection.
However, HDV-IgG positive may also indicate pre-
vious infection, the detection result of HDV-IgG
may be false positive. For the detection of such clini-
cal samples, RT-qPCR, RT-ddPCR and RT-PCR-
CRISPR (F) methods have low accuracy, while RT-
RAA-CRISPR (L) method can reduce false positives
and improve accuracy due to the flow test strip tech-
nology. However, whether it is infected with HDV
should be analyzed in combination with the clinical
information of the patient.

The cost analysis shows that the automatic nucleic
acid extraction equipment is thousands of dollars, and
future research can develop nucleic acid lysates, which
will greatly reduce the cost. The constant temperature
heating device is $ 10, and lateral-flow strip is less than
one dollar each. The reagent cost is $ 3 per test. The
whole process is convenient and quick to operate,
and does not require professionals, which is conducive
to testing at different healthcare settings.

This study had some limitations. For total RNA
extraction from clinical plasma samples, we used an
automated nucleic acid extraction instrument,
which was less time consuming but was more expens-
ive, larger, and not suitable for handling or on-site
testing. There is a need to continue to explore more
convenient and rapid methods for nucleic acid
extraction. Additionally, the CRISPR–Cas13a-based
assay does not allow precise quantification of HDV
RNA, and further studies are required to resolve
this concern.

In summary, we developed novel RT–PCR-CRISPR
(F) and RT-RAA-CRISPR (L) assays for the detection
of HDV RNA, which is not only highly sensitive and
specific but also less time-consuming and more con-
veniently performed. This study provides a powerful
tool for monitoring the emergence and progression
of disease and for evaluating the effectiveness of
treatment.
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