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Abstract

Background

A simple and reliable DNA extraction of hepatitis B virus (HBV) is critical in developing an
ultrasensitive detection method for HBV infection. Current commercially available serum
Hepatitis B Virus (HBV) DNA extraction methods are time-consuming, expensive and/or
require specialized equipment, which hinders wide adoption of clinical laboratories. This

study offers a report on an ultrasensitive HBV DNA detection method by coupling serum

HBV DNA extraction by ultrafiltration (UF) with real-time PCR (qPCR) detection.

Methods

Serum proteins were precipitated by phenol to release HBV DNA in the supernatant which
was then transferred to the UF devices. The resultant DNA concentrate was eluted and
released into gPCR pre-mixture. The UF-gPCR assay performance, including recovery
rate, linearity, detection sensitivity, precision and diagnostic accuracy that compared to the
CAP-CTM V2.0 assay by analyzing batched low viral load clinical samples was evaluated.

Results

The recovery rate of the UF-based HBV DNA extraction method was above 80%. The assay
linearity was demonstrated with a slope of 0.95 and R? values of 0.99. Limit-of-detection
(LOD) of the UF-gPCR assay was determined to be 12.11U/ml. The coefficient of variation
(CV) of HBV quantitation for high, low and limit titer samples was 2.28%, 5.77% and 25.59%,
respectively. Accuracy of the UF-gPCR assay was confirmed with the reference panel, and
there was a strong correlation between these two methods (R? = 0.55, p < 0.01).

Conclusions

The UF-gPCR assay is reliable, highly sensitive, affordable and time-saving, and the
method can be used for ultrasensitive detection of serum HBV.
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Introduction

Hepatitis B Virus (HBV) infection is one of the most common causes of liver diseases ranging
from acute hepatitis to chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC)
[1]. Over 2 billion people throughout the world have been infected with HBV and more than
350 million of them are chronically infected carriers [2]. The virological diagnosis and moni-
toring of the HBV infection are based on immunoassays detecting viral antigens and specific
anti-HBV antibodies as well as nucleic acid detection assays targeting genomic material of the
virus [3]. The presence of HBV DNA in peripheral blood is a reliable marker of active HBV
replication. In comparison with immunoassays, HBV DNA detection and quantification are
more useful in the diagnosis of infection, therapeutic decision-making, and assessment of the
response to therapy [4]. In addition, HBV DNA quantitation can be used to monitor viral rep-
lication kinetics in order to better understand the mechanisms of infection and the virologic
response to antiviral therapy. To date, a series of HBV DNA detection assays have been devel-
oped, including spot hybridization technique [5], quantitative real-time PCR (qPCR) [6],
DNA biosensor [7], loop-mediated isothermal amplification assay (LAMP) [8], rolling circle
amplification (RCA) [9], et al. Among these assay systems, qPCR is strongly recommended by
current consensus guidelines due to its sensitivity, specificity, accuracy and broad dynamic
range [10]. The serum HBV DNA detection system using sensitive and accurate gPCR assays
is crucial to predict the response to therapy, to determine therapy initiation, to monitor resis-
tance to therapy, to establish treatment success, and to evaluate the risk factors for cirrhosis
and the progression of HCC [11,12].

Serum HBV DNA levels are unstable over time and are dependent upon the infection
phase: the immunotolerant phase after acute infection is characterized by high levels of viral
replication as well as generally lower, often fluctuating HBV DNA. The “clinical cure” phase is
characterized by persistent undetectable levels of viral replication, which usually confers an
excellent prognosis. During the reactivation phase, the viral load generally recurs to high levels
[13]. The decision of clinical cure is dependent on the sensitivity of the assay used [10]. The
guidelines for the prevention and treatment of patients with HBV infection issued by World
Health Organization (WHO) [14] revealed that the undetectable viral load of HBV DNA for
qPCR assays is a concentration below 15 IU/ml. However, most of the currently used qPCR
assays for analyzing HBV DNA cannot meet this requirement; thus, it is unable to detect the
presence of such low levels of HBV DNA. This insufficient detection sensitivity often leads to
misjudgment of disease curability and is accompanied by an early termination of antiviral
therapy [15]. As reported by Liang Y et al. [16], early discontinuation of antiviral therapy is
typically associated with virological relapse. In order to overcome the limitation in detection
sensitivity, a series of ultrasensitive qQPCR assays were developed [17,18]. These ultrasensitive
assays significantly improved HBV DNA detection sensitivity by applying increased sample
input volumes [19]. For example, the CAP-CTM assay (Roche) can reach a limit-of-detection
(LOD) down to12 IU/ml with a sample input volume of 500 pl [20]. The application of ultra-
sensitive HBV qPCR assays allows detection of viral breakthrough at an early stage as well as
discontinuation of antiviral therapy at a proper time, thus improved the control of patients
with low viral load [18]. However, the wide adoption of current ultrasensitive HBV quantita-
tion assays in clinical laboratories faces challenges due to the time-consuming nature of the
serum HBV DNA extraction as well as expensive costs of specialized equipment [21]. There-
fore, developing a simple, rapid and cost-effective DNA extraction method is of particular
importance for ultrasensitive HBV DNA detection.

Ultrafiltration (UF) is a variety of membrane filtration in which forces similar to pressure
or concentration gradients lead to a separation through a semipermeable membrane. The
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suspended solids and solutes of high molecular weight are retained in the so-called retentate
while water and low molecular weight solutes pass through the membrane in the permeate. UF
membranes are defined by Nominal Molecular Weight Limit (NMWL, typically reported in dal-
tons) of the membrane used. UF is based on size exclusion or particle capture, enabling these fil-
ters to concentrate large volumes of sample in a short time [22]. UF has been wildly used in
biomolecular concentrating, water treatment and food processing [23,24]. This approach has
also been reported to hold the potential for nucleic acid concentration and purification. Han-
cher and Ryon [25] first reported RNA purification by UF through polymeric UF membranes.
Additionally, Hirasaki et al. [26] examined the DNA filtration through membranes with mean
pore diameters of 15 and 35 nm and found the permeability of DNA molecules decreased with
an increase in DNA size. In addition, the deformability, chemical structure and geometrical size
of DNA molecule also impact the sieving effect. Arribas et al. [27] reported that the DNA con-
centration by UF improved detection sensitivity of Epstein-Barr Virus DNA in cerebrospinal
fluid samples. In comparison to other nucleic acid preparation technologies, UF possesses the
following advantages: simple procedures, low cost, and the ability to handle large-volume sam-
ple. Therefore, UF is a promising method of DNA preparation for ultrasensitive HBV DNA
detection.

Although UF is useful of its ability to handle large-volume sample, the direct extraction of
DNA from serum samples by UF remains challenging due to the complexity of serum compo-
nents, especially high levels of protein. In order to overcome this limitation, the present study
developed a UF-based DNA extraction method that includes sample preparation, ultrafiltra-
tion and elution. The serum proteins were first precipitated by phenol, and the supernatant
with released HBV DNA was then filtrated using the UF device. Finally, the DNA concentrate
was eluted and released into a qPCR pre-mixture. The performance characteristics of the UF-
qPCR assay were evaluated and demonstrated high DNA recoveries with good reproducibility.
These data demonstrate that the UF-qPCR assay can be used in ultrasensitive detection of
HBV DNA. And the current method also gives new insight on the application of ultrafiltration
of blood samples with low DNA content.

Methods
Ethics statement

This study was approved by the Ethics Committee of Guangzhou First Peoples’ Hospital in
accordance with the Helsinki Declaration. All participants gave written informed consent
before taking part in the study.

Samples

The peripheral blood samples from patients infected with HBV were collected between Sep-
tember and December in 2015 at Guangzhou First Peoples’ Hospital, Guangzhou Eighth Peo-
ples’ Hospital and The First Affiliated Hospital of Sun Yat-Sen University. All samples were
stored at -20°C until use. Forty of the samples were analyzed with CAP-CTM V2.0 and UF-
qPCR in parallel.

Extraction of serum HBV DNA by UF

As illustrated in Fig 1, 250 pl of serum sample or HBV Quantitation Standard (QS) (Daan
Gene, Guangzhou, China) was mixed with 350 ul of lysis buffer (Daan Gene), and the mixture
was incubated at 100°C for 10 min. Subsequently, 300 pl of phenol-saturated water (pH 7.9;
Sangon Biotech, Shanghai, China) was added to the lysate. The mixture was kept at room
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Fig 1. lllustration of HBV DNA extraction by UF.
doi:10.1371/journal.pone.0170290.9001

temperature for 5 min, followed by centrifugation (12000 rpm, room temperature, 5 min) in
order to release DNA into (about 500-550 ul) the supernatant. Next, the supernatant (~500 ul)
containing free DNA was transferred into a 0.5 ml Amicon Ultra centrifugal filter device
(Millipore, USA) and centrifuged at 14000 g for 5 min. After washing with 500 ul of distilled
water, the UF device was kept upside down, and DNA was eluted in a clean tube by centrifug-
ing at 1000 g for 2 min.

The extent of HBV DNA adsorption to the filter devices was examined as described previ-
ously with a little modification [28]. Briefly, 300 pl of purified HBV DNA of 20, 100 and 200
ng/ul were added into filter devices with different NWMLs (30K, 50K and 100K). The filter
devices were kept at room temperature for 1h before the samples were reclaimed. The DNA
concentrations were determined before and after the incubation using a Nanodrop 2000 spec-
trophotometer (Thermo Scientific, USA). The amount of DNA detained on the UF device was
estimated by the difference in DNA concentration and volumes.

The quality of HBV DNA extracted by the UF and conventional methods was evaluated by
OD60/280 ratio. HBV DNA was prepared using various protocols that included boiling extrac-
tion (with lysis buffer purchased from Daan Gene), magnetic beads extraction (with MagicMag
Genomic DNA Micro Kit, Sangon Biotech) and column extraction (Column Virus Genomic
DNA Isolation Kit, Sangon Biotech). OD,¢0/5 ratio of the DNA concentrate was determined
using the Nanodrop 2000 spectrophotometer.

Real-Time PCR

The Real-Time HBV PCR assay with a commercial kit (catalog number: DA-B051, Daan
Gene) was performed according to the manufacturer’s instructions. The final volume was
30 yl, containing 20 ul qPCR pre-mixture and 10 ul concentrated DNA sample. The gPCR
reactions were performed on a Real-Time PCR System (ABI 7500, Applied Biosystems). The
cycling parameters consisted of 2 min incubation at 93°C in order to activate the Taq
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polymerase, 10 cycles of 93°C for 45 s and 55°C for 60 s, followed by 30 cycles of 93°C for 30 s
and 55°C for 45 s.

In parallel, the CAP-CTM V2.0 assay was performed on a COBAS TagMan Analyzer. After
the automated sample preparation on the COBAS AmpliPrep Instrument, processed specimens,
including HBV DNA and HBV QS DNA, were added to the PCR pre-mixture. The qPCR assay
included the HBV QS (serving as an internal reference) test to compensate for the effects of
inhibition as well as to control the preparation and amplification processes. The quantitative
results are reported in international units (IU) per milliliter.

Establishment of standard curves

For standardization of the quantitative HBV DNA detection assays, the HBV QS serum sam-
ples with known copy numbers (2.30, 3.30, 4.30, 5.30, 6.30 log;o IU/ml) were used in the exper-
iment. The HBV DNA extracted from the QS samples using centrifugal filter devices with
100K NWML was then subjected to a qPCR system. The Ct (Cycle threshold, Ct) values of
individual dilutions were plotted against the initial virus copy number, which resulted in typi-
cal standard curves.

Recovery rate of HBV DNA

The HBV DNA was extracted from QS serum samples with high (6.30 log;, IU/ml) and low
(4.20 log; IU/ml) -titer using UF devices with different NWMLs (30K, 50K and 100K), MBs
and DNA-extraction column. The extracted HBV DNA was quantified using the qPCR assay.
The recovery rate of HBV DNA was calculated as follows: R = (CxV)/(CyxV)x100%, where C
and Vrepresent HBV DNA quantity (IU/ml) and volume of the concentrate, Cy and V, repre-
sent HBV DNA quantity (IU/ml) and volume of the input QS serum.

LOD

The LOD of the UF-qPCR assay was determined by analyzing the serial dilutions of a low-titer
HBV QS serum sample (4.20 log;o IU/ml, Daan Gene).

Linearity and precision

In order to investigate linearity, high-titer HBV clinical specimens (2.5x10® IU/ml) were seri-
ally diluted in 1:10 steps to 25 IU/ml. At each level, three replicates were analyzed. The differ-
ence between the expected and the observed value was assessed.

The precision of the UF-qPCR assay was evaluated by analyzing 20 replicates of a high-titer
(6.30 log;o IU/ml), a low-titer (3.20 log;o IU/ml) and a limit-titer (10 IU/ml) QS sample,
respectively. CVs were calculated out from the quantitative results.

Statistical analysis

The quantitative results were log transformed for further analysis. The continuous variables
were expressed as mean and standard deviation (SD). The correlation analysis between the
UF-qPCR and CAP-CTM V2.0 assays was analyzed by Pearson’s correlation and linear regres-
sion. The Bland-Altman plots were used in order to represent the degree of agreement between
quantitative results obtained from UF-qPCR and CAP-CTM V2.0. All statistical analyses were
performed using the graphpad prism (Graphpad Software. San Diego, CA), and P <0.05 was
considered significant.
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Results
Serum protein removing

Various means were tried to remove serum proteins, including proteinase K digestion and
protein precipitation with NaOH, SDS-KAc and phenol. The performances of these methods
were evaluated (Fig 2). Based on the results, phenol treatment was selected as the means of pro-
tein removing (operation procedure shown in Fig 1).

Performance of UF DNA extraction

The optimum conditions for UF with phenol precipitated samples were determined as follows:
NWML, 100K; centrifugal force, 14000 g; centrifugation time, 5 min. The OD 40/, ratio of
DNA prepared by UF ranged from 1.7 to 2.0, indicating the UF method is able to provide
DNA concentrate of high purity. The comparison of purity of DNA concentrates prepared
using various methods were shown in Fig 3. Except for boiling, all other methods provided
highly purified DNA. The qPCR with DNA concentrates prepared by UF yielded an averaged
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Fig 2. Effects of serum protein removing by different methods. Figures showing the generation of precipitant after treating the serum samples with
NaOH, proteinase K, SDS-KAc and phenols, respectively (left), and concentrates obtained from the supernatants by ultrafiltration (right). NWML of the
ultrafiltration device used was 100K.

doi:10.1371/journal.pone.0170290.g002
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Fig 3. ODg0/280 ratioof DNA samples prepared using various methods.

doi:10.1371/journal.pone.0170290.9003

amplification efficiency of 94%, indicating the concentrates were well compatible with the
PCR amplification.

The recovery rates of HBV DNA using filtration device of different NWMLs (30K, 50K and
100K) were above 80% in both the high and the low-titer groups (Fig 4A). The recovery rates
of high-titer QS samples were slightly higher than those of low-titer ones. However, the differ-
ence was not found to be statistically significant. At the same time, the recovery rates obtained
with MBs were 82.6% for the high-titer sample and 77.9% for the low-titer one, and those
obtained with the DNA-extraction column were 70.6% (high-titer) and 67.2% (low-titer) (Fig
4B and 4C).

The amount of HBV DNA detained on the centrifugal filter device was evaluated by solu-
tion depletion (Fig 4D). The loss of DNA was estimated by (Cyx V,-Cx V), where C and Cyisthe
concentration of the recovered and the original sample, respectively; V and Vjisthe volume of
the recovered and the original sample, respectively. For HBV DNA samples of these groups,
the changes in DNA amount were all less than 1ng, and no significant differences were found
among groups.

HBV DNA quantitation

The slopes of the standard curves were generally at or around 3.31. The consistency of the rep-
licates was validated by a correlation coefficient (R?) 0f 0.99, which indicates the linearity of
the Ct values plotted in the standard curves (S1 Fig). All these data were detected according to
the standard curves in order to evaluate the clinical performance characteristics of the present
method including precision, linearity, LOD and diagnostic accuracy.

Reproducibility was evaluated at three levels of viral load (1.0, 4.2 and 6.3 log;o IU/ml). The
precision (CV %) of this experiment is shown in Fig 5A. The precision of the DNA quantita-
tion determined in these three groups was 2.28%, 5.77% and 25.59%, respectively.

Linearity was demonstrated between 25 and 2.5x10® IU/ml in each assay, using triplicate
measurements of the serial dilutions of a high-titer sample. The assay linearity was assessed as
the difference between the detected values and the nominal values assigned to the samples. As
shown in Fig 5B, the linear regression equation was Y = 0.95X + 0.12, with a correlation coeffi-
cient (R?) of 0.99.
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Fig 4. Recovery of HBV DNA using UF devices with different NWMLs, magnetic beads and column. (A) The recovery rates of high-titer (6.3 1091
1U/ml) and low-titer (4.2 log4o 1U/ml) HBV samples using the UF devices of different NWMLs; (B) The recovery rates of HBV DNA obtained using
magnetic beads method; (C) The recovery rates of HBV DNA obtained using the DNA-extraction column method; (D) Adsorption amount of the HBV
DNA on the filter devices (30K, 50K and 100K). Samples used were purified HBV DNA of different concentration (20, 100 and 200 ng/ul). The devices
were placed at room temperature for 1h before detection.

doi:10.1371/journal.pone.0170290.g004

The LOD of the UF-qPCR assay was determined by analyzing the replicate serial dilutions
of the same QS serum sample (Table 1). The positive rate was calculated by referring different
concentration levels. The statistic analysis using PROBIT predicted a LOD of 12.1 IU/ml.

Diagnostic accuracy of the UF-gPCR assay

Forty serum samples of low viral load were analyzed using the UF-qPCR and the CAP-CTM
V2.0 assay system in parallel. As shown in Fig 5C, correlation analysis demonstrated a signifi-
cantly positive correlation between these two tests (R* = 0.55, P<0.01). The consistency of
these two assays was shown in Fig 5D. Nearly all the differences of the paired viral loads were
within the range of the mean difference + 1.96 SD. The mean value of difference between these
two groups was 0.01 (log;o IU/ml), with a SD of 0.44 log;o IU/ml. The Bland-Altman analysis
indicated no significant difference in diagnostic accuracy between these two methods.

Discussion

Since the viral load of HBV patients varies greatly, qQPCR assays with a wide detection range
are highly desirable. The ultrasensitive HBV DNA detection assays emerged as this study
required. The research has demonstrated that the detection of low level of HBV DNA was
essential in order to determine the necessity of antiviral treatment [29]. The improved
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doi:10.1371/journal.pone.0170290.9005

Table 1. LOD of the UF-qPCR assay determined by analyzing HBV QS serum samples.

Nominal input HBV DNA(IU/ml) Replicates number Number detected Positive rate (%)
20 20 20 100

10 20 18 90

8 16 11 68.8

5 14 6 42.3

2.5 16 2 12.5

Probit results (95% confidence interval) were as follows: 12.1 1U/ml (10.1 to 16.6).

doi:10.1371/journal.pone.0170290.t001
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detection sensitivity of ultrasensitive HBV DNA detection assays is essentially dependent upon
an increased sample input volume [30]. Therefore, a large volume of sample is necessary for
the preparation of increased amounts of DNA template. The majority of the commercial ultra-
sensitive assays employ the MBs method [17-20]. Despite the high recovery obtained, these
methods are dependent upon costly and specialized equipment. In contrast, UF is a simple
and low-cost sample preparation tool. With its advantage in handling large volumes of sample,
UF has the potential to be employed as a nucleic acids preparation facility for the ultrasensitive
DNA detection assays.

Although the UF filtration membrane can retain the double-stranded DNAs [31], the high
level of protein in the serum renders the treatment of the original sample impracticable. The
purpose for HBV DNA extraction procedure of this study consists of two major parts: (1) to
remove the potential inhibitors of amplification and (2) to isolate and concentrate HBV DNA
using UF devices. As heme and immunoglobulin G have been identified as major inhibitors for
PCR [32], these proteins should be removed prior to PCR [33,34].This study initially attempted
to digest the serum proteins with proteinase K; however, the UF concentrate resulting from the
digestion mixture is still highly viscous, indicating proteins were not thoroughly digested into
small fragments that can pass through the UF membrane. Next, it was attempted to precipitate
the proteins before UF. The serum samples were treated with precipitants including NaOH,
SDS-KAc and phenol, and the resultant supernatants were transferred to UF devices. Among
these methods, phenol showed the best effect of protein removal. The phenols were known to
bind to proteins by forming hydrogen bonds with peptide bond oxygens [35].The OD /250
ratio of the DNA concentrate ranged from 1.7 to 2.0, indicating highly purified DNA was
obtained. The amplification efficiency of qPCR with DNA prepared by UF was approximately
90%, demonstrating the UF-based DNA extraction is compatible with qPCR.

The retention of DNA by UF is majorly affected by DNA size and pore size of filtration
membrane [36]. As reported, the plasmid DNA (3.0 to 17 kbp) transmission significantly
decreased with increasing pore size of the membrane, which indicated that the pore size
(namely NWML) played a key role in affecting DNA recovery [37]. In this work, HBV DNA
recoveries obtained from UF extractions were above 80% in all groups, indicating HBV DNA
can be effectively retained by UF devices with NWML<100K. The UF extraction is able to
achieve a DNA recovery comparable to the MBs method, without the necessity of specialized
instrument. In comparison with the DNA-extraction column method that using the principle
of DNA adsorption onto silica surfaces, UF DNA extraction based on size selected retention is
favorable over the column method with regard to DNA recovery in handling the low abundant
DNA samples.

According to the manufacture’s instruction, the recovery rate of 1159 bp dsDNA using the
100K filter device was higher than 90%. However, recovery of the 3.2 kb HBV DNA deter-
mined in this work was only ~80%, indicating a certain proportion of DNA was lost during
the DNA preparation step. The loss of DNA can be ascribed to two reasons: (1) The detain-
ment of DNA in phenol phase. As has been reported, about 10% of the DNA is detained in
phenol phase in the protein precipitation step [38]; (2) Adsorption of DNA to the filtration
membrane. It was found that the DNA recoveries obtained from high-titer samples were
slightly higher than those of low-titer samples, indicating a certain amount of DNA was
adsorbed on the filtration membrane. This explanation was also supported by results of the
solution depletion test, which showed that about Ing HBV DNA was retained on the
membrane.

From the results of performance evaluations, it appeared that the UF-qPCR assay was
highly sensitive. The LOD was determined to be 12.1 IU/ml, which was compared favorably to
other ultrasensitive qPCR assays reported. The linearity was demonstrated between 25 and

PLOS ONE | DOI:10.1371/journal.pone.0170290 February 9, 2017 10/14



o ®
@ : PLOS | ONE Ultrasensitive detection of serum hepatitis B virus

Table 2. Comparison of the UF-qPCR and the CAP-CTM V2.0 method.

Characteristics UF-qPCR CAP-CTM V2.0

Serum volume input (pl) 250 500

DNA concentrate /total reaction volume (pl) | 10/30 50/100

Dynamic range (IU/ml) 12-1.0x10°® 20-1.7x108

LOD 12 20

Additional equipment needed/ equipment No/None Yes/~2 million

cost (RMB, Yuan)

Running cost (RMB, Yuan) 50-60 300-350

Time-consuming 3-3.5 h (24 samples) Extraction:~2 h ~5 h (24-72 samples a time) Extraction:~2.5 h
Amplification:1.5 h (40 cycles) Amplification: 2.5 h (60 cycles)

doi:10.1371/journal.pone.0170290.t002

2.5x10® IU/ml, with a slope of 0.95 and R values of 0.99, indicating the reliability of the DNA
preparation method. The precision of the UF-qPCR assay was comparable to the CAP-CTM
V2.0 assay [39].The Bland-Altman analysis also indicated a good correlation between these
two methods. These results provide evidence that the performances of these two assays are
comparable in analyzing serum samples of different viral loads.

As shown in Table 2, the UF-qPCR was compared with the CAP-CTM V2.0 assay system.
These two methods yielded comparable dynamic range. The CAP-CTM method relies on spe-
cialized equipment and is advantageous in handling a large batch of samples, while the UF-
qPCR is suitable for handling a small or medium quantity of samples with manual operation.
In comparison with CAP-CTM V2.0, the UF-qPCR is advantageous with regard to sample/
reagent consumption. The analysis time needed for UF-qPCR is also shorter than CAP-CTM
V2.0 (3h vs 5h). The major advantage of the UF-qPCR method is low cost. As compared to the
CAP-CTM V2.0 assay system, instrument and running costs using the UF-qPCR assay are
apparently lower.

In conclusion, the UF-qPCR assay is reliable, highly sensitive, affordable and time-saving.
The method can be used for the ultrasensitive detection of serum HBV. This study finds it to
be a powerful tool to achieve optimal monitoring of antiviral therapy and timely treatment
adaptation. In addition, with its advantage in handling large volumes of sample, UF based
extraction method hold the potential to be employed as a nucleic acids preparation facility
especially for dealing with various types of samples with low nucleic acids content.

Supporting information

S1 Fig. Standard curve established for HBV DNA quantitation. Serial dilutions of a QS
serum sample were used as standards. The standard curve was established by plotting logarith-
mic HBV concentrations to Ct values.

(TIF)

Acknowledgments

The authors thank the clinical laboratory of Guangzhou Eighth Peoples’ Hospital and The
First Affiliated Hospital of Sun Yat-Sen University for their assistance in HBV DNA detection
with the CAP-CTM V2.0 system.

Author contributions
Conceptualization: BW DL XL.

PLOS ONE | DOI:10.1371/journal.pone.0170290 February 9, 2017 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170290.s001

@° PLOS | ONE

Ultrasensitive detection of serum hepatitis B virus

Data curation: JL KM BC BX.

Formal analysis: BW FX YD PL.

Investigation: DL.

Supervision: DL XL.

Visualization: BW FX DL.

Writing - original draft: BW.

Writing - review & editing: DL.

References

1.

10.

1.

12

13.

14.

15.

16.

Rehermann B, Nascimbeni M. Immunology of hepatitis B virus and hepatitis C virus infection. Nat Rev
Immunol. 2005; 5(3):215-29. doi: 10.1038/nri1573 PMID: 15738952

Liang TJ. Hepatitis B: the virus and disease. Hepatology. 2009; 49(5 Suppl):S13-21. doi: 10.1002/hep.
22881 PMID: 19399811

Liu YP, Yao CY. Rapid and quantitative detection of hepatitis B virus. World J Gastroenterol. 2015; 21
(42):11954-63. doi: 10.3748/wjg.v21.i42.11954 PMID: 26576084

Lai MW, Lin TY, Tsao KC, Huang CG, Hsiao MJ, Liang KH, et al. Increased seroprevalence of HBV
DNA with mutations in the s gene among individuals greater than 18 years old after complete vaccina-
tion. Gastroenterology. 2012; 143(2):400-7. doi: 10.1053/j.gastro.2012.05.002 PMID: 22580098

Fagan EA, Guarner P, Perera SD, Trowbridge R, Rolando N, Davison F, et al. Quantitation of hepatitis
B virus DNA (HBV DNA) in serum using the spot hybridization technique and scintillation counting. J
Virol Methods. 1985; 12(3—4):251-62. PMID: 3833870

Pas SD, Fries E, De Man RA, Osterhaus AD, Niesters HG. Development of a quantitative real-time
detection assay for hepatitis B virus DNA and comparison with two commercial assays. J Clin Microbiol.
2000; 38(8):2897-901 PMID: 10921947

Cha BH, Lee SM, Park JC, Hwang KS, Kim SK, Lee YS, et al. Detection of Hepatitis B Virus (HBV) DNA
at femtomolar concentrations using a silica nanoparticle-enhanced microcantilever sensor. Biosens
Bioelectron. 2009; 25(1):130-5. doi: 10.1016/j.bios.2009.06.015 PMID: 19616931

Nyan DC, Ulitzky LE, Cehan N, Williamson P, Winkelman V, Rios M, et al. Rapid detection of hepatitis B
virus in blood plasma by a specific and sensitive loop-mediated isothermal amplification assay. Clin
Infect Dis. 2014; 59(1):16—23. doi: 10.1093/cid/ciu210 PMID: 24704724

Yao CY, Xiang Y, Deng K, Xia H, Fu WL. Sensitive and specific HBV genomic DNA detection using
RCA-based QCM biosensor. Sensor Actuat B-Chem. 2013; 181:382-7.

European Association For The Study Of The L. EASL clinical practice guidelines: Management of
chronic hepatitis B virus infection. J Hepatol. 2012; 57(1):167-85. doi: 10.1016/j.jhep.2012.02.010
PMID: 22436845

lloeje UH, Yang HI, Su J, Jen CL, You SL, Chen CJ, et al. Predicting cirrhosis risk based on the level of
circulating hepatitis B viral load. Gastroenterology. 2006; 130(3):678-86. doi: 10.1053/j.gastro.2005.11.
016 PMID: 16530509

Pyne MT, Vest L, Clement J, Lee J, Rosvall JR, Luk K, et al. Comparison of three Roche hepatitis B
virus viral load assay formats. J Clin Microbiol. 2012; 50(7):2337—42. doi: 10.1128/JCM.00746-12
PMID: 22535983

Liaw YF, Kao JH, Piratvisuth T, Chan HL, Chien RN, Liu CJ, et al. Asian-Pacific consensus statement
on the management of chronic hepatitis B: a 2012 update. Hepatol Int. 2012; 6(3):531-61. doi: 10.1007/
s12072-012-9365-4 PMID: 26201469

Guidelines for the Prevention, Care and Treatment of Persons with Chronic Hepatitis B Infection. WHO
Guidelines Approved by the Guidelines Review Committee. Geneva 2015.

Garbuglia AR, Angeletti C, Lauria FN, Zaccaro P, Cocca AM, Pisciotta M, et al. Comparison of Versant
HBV DNA 3.0 and COBAS AmpliPrep-COBAS TagMan assays for hepatitis B DNA quantitation: Possi-
ble clinical implications. J Virol Methods. 2007; 146(1-2):274-80. doi: 10.1016/j.jviromet.2007.07.005
PMID: 17707918

Liang Y, Jiang J, Su M, Liu Z, Guo W, Huang X, et al. Predictors of relapse in chronic hepatitis B after
discontinuation of anti-viral therapy. Aliment Pharmacol Ther. 2011; 34(3):344-52. doi: 10.1111/j.1365-
2036.2011.04738.x PMID: 21671967

PLOS ONE | DOI:10.1371/journal.pone.0170290 February 9, 2017 12/14


http://dx.doi.org/10.1038/nri1573
http://www.ncbi.nlm.nih.gov/pubmed/15738952
http://dx.doi.org/10.1002/hep.22881
http://dx.doi.org/10.1002/hep.22881
http://www.ncbi.nlm.nih.gov/pubmed/19399811
http://dx.doi.org/10.3748/wjg.v21.i42.11954
http://www.ncbi.nlm.nih.gov/pubmed/26576084
http://dx.doi.org/10.1053/j.gastro.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22580098
http://www.ncbi.nlm.nih.gov/pubmed/3833870
http://www.ncbi.nlm.nih.gov/pubmed/10921947
http://dx.doi.org/10.1016/j.bios.2009.06.015
http://www.ncbi.nlm.nih.gov/pubmed/19616931
http://dx.doi.org/10.1093/cid/ciu210
http://www.ncbi.nlm.nih.gov/pubmed/24704724
http://dx.doi.org/10.1016/j.jhep.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22436845
http://dx.doi.org/10.1053/j.gastro.2005.11.016
http://dx.doi.org/10.1053/j.gastro.2005.11.016
http://www.ncbi.nlm.nih.gov/pubmed/16530509
http://dx.doi.org/10.1128/JCM.00746-12
http://www.ncbi.nlm.nih.gov/pubmed/22535983
http://dx.doi.org/10.1007/s12072-012-9365-4
http://dx.doi.org/10.1007/s12072-012-9365-4
http://www.ncbi.nlm.nih.gov/pubmed/26201469
http://dx.doi.org/10.1016/j.jviromet.2007.07.005
http://www.ncbi.nlm.nih.gov/pubmed/17707918
http://dx.doi.org/10.1111/j.1365-2036.2011.04738.x
http://dx.doi.org/10.1111/j.1365-2036.2011.04738.x
http://www.ncbi.nlm.nih.gov/pubmed/21671967

@° PLOS | ONE

Ultrasensitive detection of serum hepatitis B virus

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hochberger S, Althof D, Gallegos de Schrott R, Nachbaur N, Rock H, Leying H. Fully automated quanti-
tation of hepatitis B virus (HBV) DNA in human plasma by the COBAS AmpliPrep/COBAS TagMan sys-
tem. J Clin Virol. 2006; 35(4):373-80. doi: 10.1016/}.jcv.2006.01.003 PMID: 16461000

Thibault V, Pichoud C, Mullen C, Rhoads J, Smith JB, Bitbol A, et al. Characterization of a new sensitive
PCR assay for quantification of viral DNA isolated from patients with hepatitis B virus infections. J Clin
Microbiol. 2007; 45(12):3948-53. doi: 10.1128/JCM.01180-07 PMID: 17942654

Yeh ML, Huang CF, Hsieh MY, Huang JF, Dai CY, Yu ML, et al. Comparison of the Abbott RealTime
HBV assay with the Roche Cobas AmpliPrep/Cobas TagMan HBV assay for HBV DNA detection and
quantification. J Clin Virol. 2014; 60(3):206—14. doi: 10.1016/j.jcv.2014.04.008 PMID: 24809730

Ciotti M, Marcuccilli F, Guenci T, Prignano MG, Perno CF. Evaluation of the Abbott RealTime HBV DNA
assay and comparison to the Cobas AmpliPrep/Cobas TagMan 48 assay in monitoring patients with
chronic cases of hepatitis B. J Clin Microbiol. 2008; 46(4):1517-9. doi: 10.1128/JCM.02046-07 PMID:
18272717

Portilho MM, Baptista ML, da Silva M, de Sousa PS, Lewis-Ximenez LL, Lampe E, et al. Usefulness of
in-house PCR methods for hepatitis B virus DNA detection. J Virol Methods. 2015; 223:40—4. doi: 10.
1016/j.jviromet.2015.07.010 PMID: 26215428

Bilad MR, Arafat HA, Vankelecom IF. Membrane technology in microalgae cultivation and harvesting: a
review. Biotechnol Adv. 2014; 32(7):1283-300. doi: 10.1016/j.biotechadv.2014.07.008 PMID:
25109678

Goosen MFA, Sablani SS, Ai-Hinai H, Ai-Obeidani S, Al-Belushi R, Jackson D. Fouling of reverse
osmosis and ultrafiltration membranes: A critical review. Sep Sci Technol. 2004; 39(10):2261-97.

Liu P, Hill VR, Hahn D, Johnson TB, Pan Y, Jothikumar N, et al. Hollow-fiber ultrafiltration for simulta-
neous recovery of viruses, bacteria and parasites from reclaimed water. J Microbiol Methods. 2012; 88
(1):155-61. doi: 10.1016/j.mimet.2011.11.007 PMID: 22108496

Hancher CW, Ryon AD. Evaluation of ultrafiltration membranes with biological macromolecules. Bio-
technol Bioeng. 1973; 15(4):677-92. doi: 10.1002/bit.260150404 PMID: 4738310

Hirasaki T, Sato T, Tsuboi T, Nakanoa H, Nodaa T, Konob A. Permeation mechanism of DNA mole-
cules in solution through cuprammonium regenerated cellulose hollow fiber (BMM tm). J Memb Sci.
1995; 106(1):123-9.

Arribas JR, Clifford DB, Fichtenbaum CJ, Roberts RL, Powderly WG, Storch GA. Detection of Epstein-
Barr virus DNA in cerebrospinal fluid for diagnosis of AIDS-related central nervous system lymphoma. J
Clin Microbiol. 1995; 33(6):1580—-3 PMID: 7650190

Latulippe DR, Ager K, Zydney AL. Flux-dependent transmission of supercoiled plasmid DNA through
ultrafiltration membranes. J Memb Sci. 2007; 294(1-2):169-77.

Lok AS, McMahon BJ. Chronic hepatitis B. Hepatology. 2007; 45(2):507—39. doi: 10.1002/hep.21513
PMID: 17256718

Ronsin C, Pillet A, Bali C, Denoyel GA. Evaluation of the COBAS AmpliPrep-total nucleic acid isolation-
COBAS TagMan hepatitis B virus (HBV) quantitative test and comparison to the VERSANT HBV DNA
3.0 assay. J Clin Microbiol. 2006; 44(4):1390-9. doi: 10.1128/JCM.44.4.1390-1399.2006 PMID:
16597867

Lee KB, Lee H, Ha SD, Cheon DS, Choi C. Comparative analysis of viral concentration methods for
detecting the HAV genome using real-time RT-PCR amplification. Food Environ Virol. 2012; 4(2):68—
72. doi: 10.1007/s12560-012-9077-x PMID: 23412812

Al-Soud WA, Radstrom P. Purification and characterization of PCR-inhibitory components in blood
cells. J Clin Microbiol. 2001; 39(2):485-93. doi: 10.1128/JCM.39.2.485-493.2001 PMID: 11158094

Lu YQ, Han JX, Qi P, Xu W, Zu YH, Zhu B. Rapid quantification of hepatitis B virus DNA by real-time
PCR using efficient TagMan probe and extraction of virus DNA. World J Gastroenterol. 2006; 12
(45):7365—70 doi: 10.3748/wjg.v12.i45.7365 PMID: 17143958

Wieland SF, Spangenberg HC, Thimme R, Purcell RH, Chisari FV. Expansion and contraction of the
hepatitis B virus transcriptional template in infected chimpanzees. Proc Natl Acad Sci U S A. 2004; 101
(7):2129-34. doi: 10.1073/pnas.0308478100 PMID: 14764900

Kramvis A, Bukofzer S, Kew MC. Comparison of hepatitis B virus DNA extractions from serum by the
QlAamp blood kit, GeneReleaser, and the phenol-chloroform method. J Clin Microbiol. 1996; 34
(11):2731-3 PMID: 8897174

Arkhangelsky E, Steubing B, Ben-Dov E, Kushmaro A, Gitis V. Influence of pH and ionic strength on
transmission of plasmid DNA through ultrafiltration membranes. Desalination. 2008; 227(1-3):111-9.

Latulippe DR, Zydney AL. Salt-induced changes in plasmid DNA transmission through ultrafiltration
membranes. Biotechnol Bioeng. 2008; 99(2):390-8. doi: 10.1002/bit.21575 PMID: 17626300

PLOS ONE | DOI:10.1371/journal.pone.0170290 February 9, 2017 13/14


http://dx.doi.org/10.1016/j.jcv.2006.01.003
http://www.ncbi.nlm.nih.gov/pubmed/16461000
http://dx.doi.org/10.1128/JCM.01180-07
http://www.ncbi.nlm.nih.gov/pubmed/17942654
http://dx.doi.org/10.1016/j.jcv.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24809730
http://dx.doi.org/10.1128/JCM.02046-07
http://www.ncbi.nlm.nih.gov/pubmed/18272717
http://dx.doi.org/10.1016/j.jviromet.2015.07.010
http://dx.doi.org/10.1016/j.jviromet.2015.07.010
http://www.ncbi.nlm.nih.gov/pubmed/26215428
http://dx.doi.org/10.1016/j.biotechadv.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25109678
http://dx.doi.org/10.1016/j.mimet.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22108496
http://dx.doi.org/10.1002/bit.260150404
http://www.ncbi.nlm.nih.gov/pubmed/4738310
http://www.ncbi.nlm.nih.gov/pubmed/7650190
http://dx.doi.org/10.1002/hep.21513
http://www.ncbi.nlm.nih.gov/pubmed/17256718
http://dx.doi.org/10.1128/JCM.44.4.1390-1399.2006
http://www.ncbi.nlm.nih.gov/pubmed/16597867
http://dx.doi.org/10.1007/s12560-012-9077-x
http://www.ncbi.nlm.nih.gov/pubmed/23412812
http://dx.doi.org/10.1128/JCM.39.2.485-493.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158094
http://dx.doi.org/10.3748/wjg.v12.i45.7365
http://www.ncbi.nlm.nih.gov/pubmed/17143958
http://dx.doi.org/10.1073/pnas.0308478100
http://www.ncbi.nlm.nih.gov/pubmed/14764900
http://www.ncbi.nlm.nih.gov/pubmed/8897174
http://dx.doi.org/10.1002/bit.21575
http://www.ncbi.nlm.nih.gov/pubmed/17626300

o ®
@ : PLOS | ONE Ultrasensitive detection of serum hepatitis B virus

38. Goldar A, Sikorav JL. DNA renaturation at the water-phenol interface. Eur Phys J E. 2004; 14(3):211—
39. doi: 10.1140/epje/i2004-10011-7 PMID: 15278692

39. Lindh M, Hannoun C. Dynamic range and reproducibility of hepatitis B virus (HBV) DNA detection and
quantification by Cobas Tagman HBV, a real-time semiautomated assay. J Clin Microbiol. 2005; 43
(8):4251—4. doi: 10.1128/JCM.43.8.4251-4254.2005 PMID: 16081992

PLOS ONE | DOI:10.1371/journal.pone.0170290 February 9, 2017 14/14


http://dx.doi.org/10.1140/epje/i2004-10011-7
http://www.ncbi.nlm.nih.gov/pubmed/15278692
http://dx.doi.org/10.1128/JCM.43.8.4251-4254.2005
http://www.ncbi.nlm.nih.gov/pubmed/16081992

