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1.   The rationale and current methodology for the screening of blood 
by nucleic acid amplifi cation testing (NAT)

Serological screening of blood donors has historically relied on the use of immunoassays to detect 
viral antibodies or antigens.  However, the residual risk of transmission of blood-borne pathogens 
due to blood donations during the pre-serocoversion period, the so called ‘window period’, was 
well documented1. Blood screening for infectious viral agents using nucleic acid amplifi cation 
testing (NAT) has been introduced to reduce these window periods for Hepatitis C virus (HCV) and 
Human immunodefi ciency virus (HIV) in developing countries since 1999. The current practice of 
blood screening by NAT is mainly based on testing of pooled donor samples. Meanwhile, automa-
ted screening systems are being developed that allow individual-donation NAT (ID-NAT)2,3. 
NAT screening generally consists of three steps, virus extraction from plasma, target amplifi cation 
and its detection.  Although amplifi cation and detection methods can be handled with high 
throughput mode, the extraction step has been limited for high throughput due to lack of widely 
available automated equipment.  Due to lack of suitable extraction methods and the high cost of 
reagents, NAT screening is currently performed on pools of donation samples.  However the even-
tual testing of single donations, especially for Hepatitis B virus (HBV)4 and West Nile virus (WNV)2 
infections that are commonly associated with low viremia, appears desirable.

An effi  cient and economical method for extraction of nucleic acids, both DNA and/or RNA simul-
taneously from serum or plasma, leading to increase of NAT screening sensitivity by processing a 
single donation, would improve blood transfusion safety. The single extraction method in combi-
nation with multiple pathogen detection assay would provide a more sensitive and economical 
NAT platform.

2.  Window period
Estimates of the risk of transfusion-transmitted infectious disease are essential for monitoring 
the safety of the blood safety.  Infectious blood donations made in the window period between 
the initial infection and detectable seroconversion account for majority of the risk1.  Estimated 
window period for HIV, HCV and HBV have been well documented by Busch and Kleinman5.  

2.1  HIV window period 
HIV window period was estimated approximately 22 days with three sources 1) an analysis of 
data from healthcare workers who acquired HIV after nocosomial exposures6  2) lookback studies 
of recipients of blood from seroconverting donors7 3). studies of viral markers in seroconversion 
panels6.

.2.2  HCV window period
HCV infection is associated with a long period of high-titer viremia8. The HCV window period 
was estimated to be approximately 40-70 days based on three sources 1) studies of HCV 
seroconversion panels 2) transfusion-transmitted HCV infection from posttransfusion hepatitis 
studies 3) chimpanzee infection studies.
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Figure 2. HCV window period.

Source: Busch MP, Kleinman SH, Jackson B, et al. Committee report. Nucleic acid amplifi cation testing of blood 

donors for transfusion-transmitted infectious diseases: Report of the Interorganizational Task Force on Nucleic Acid 

Amplifi cation Testing of Blood Donors. Transfusion 2000;40(2):143-59.

Figure 1. HIV window period.

Source: Busch MP, Kleinman SH, Jackson B, et al. Committee report. Nucleic acid amplifi cation testing of blood 

donors for transfusion-transmitted infectious diseases: Report of the Interorganizational Task Force on Nucleic Acid 

Amplifi cation Testing of Blood Donors. Transfusion 2000;40(2):143-59
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2.3  HBV window period
HBV virus can be detected at low levels in plasma for several weeks before HBsAg detection. 
The HBV window period was estimated to be approximately 50-60 days from 1) post-transfusion 
studies9 2) chimpanzee seroconversion studies.

Figure 3. HBV window period.

Source: Busch MP, Kleinman SH, Jackson B, et al. Committee report. Nucleic acid amplifi cation testing of blood 

donors for transfusion-transmitted infectious diseases: Report of the Interorganizational Task Force on Nucleic Acid 

Amplifi cation Testing of Blood Donors. Transfusion 2000;40(2):143-59.

Donations during the window period related to the predominant risk for each of the major viral 
agents. For example, in HIV and HBV, at least 90 percent of the risk is attributable to donations 
of window-period units, and, for HCV, windowperiod donations account for at least 75 percent 
of risk, with the remaining 25 percent refl ecting donations from persons with immunosilent 
HCV infection, and the potential contribution of laboratory testing errors. Therefore, a detailed 
understanding of viral dynamics during the window period is critical to the development of 
NAT systems5.  Window period for HIV, HCV and HBV are summarized in Table 1 with virus 
doubling time and average viral load during the window period. 

Table 1. Summary of window periods

Window HIV HCV HBV

Infection to antibody (days) 22 70 56

Reduced by NAT (days) 10-15 41-60 6-15

Doubling time (days) 1 <1 4

Viral load (geq/mL) 102-107 105-107 102-104

Source: Busch MP, Kleinman SH, Jackson B, et al. Committee report. Nucleic acid amplifi cation testing of blood 

donors for transfusion-transmitted infectious diseases: Report of the Interorganizational Task Force on Nucleic Acid 

Amplifi cation Testing of Blood Donors. Transfusion 2000;40(2):143-59.
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Estimated transfusion-transmitted risk during window periods
In 2002, Stramer10 estimated the risk per million transfused blood units based on American Red 
Cross (ARC) experience.  She stated that approximately one-half of the total HIV infections, and the 
vast majority of HCV viremic window period infection would be detected by pooled NAT testing.  
In contrast, due to the low viral loads and a slow replication time during HBV window period, the 
reduction in risk of HBV infection resulting from minipool screening was estimated to be small4.

Table 2. Estimated risk of transfusion-transmitted infection with and without NAT screening 

Without NAT With NAT (minipool)

HIV 0.75 (1: 1300 000) 0.52 (1: 1900 000)

HCV 4.3 (1:230 000) 0.61 (1:1600 000)

HBV 5.5 (180 000) 4.8 (1: 210 000)

Source: Stramer SL. US NAT yield: where are we after 2 years? Transfus Med 2002;12(4):243-53.

NAT yields in USA
NAT blood screening to detect human immunodefi ciency virus type 1 (HIV-1) and hepatitis C 
virus (HCV) RNA were implemented in the United States in 1999, and for West Nile Virus (WNV) in 
2003.  This new technique was used to test samples in small pools, referred to as “minipools.”  The 
decision to implement this technique was based on its ability to identify HIV-1– and HCV-infected 
donors early in the infectious window period, before seroconversion.  Since the implementation 
of NAT, the yield has been consistent.10 

Table 3. NAT yields

Periods #  Postive/Tested Yield per million

HIVa Dec. 99 – Jun 02
8b/26M

(1/3,292,400)
0.3

HCVa Jul 99 – Jun 02
113/29M

(1/259,000)
4

WNVc Jun- Dec. 2003
818d/6M

(1/7,335)
136

aStramer SL. US NAT yield: where are we after 2 years? Transfus Med 2002;12(4):243-53.
bTwo p24 Ag reactive units are included.
cCDC 2004  Update: West Nile Virus Screening of Blood Donations and Transfusion-Associated 
Transmission – United States, 2003. MMWR Vol 53 No 13.
dPresumptive viremic donors
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3. Nucleic Acid Amplifi cation Testing Technologies
NAT testing methods have three main steps: (1) sample preparation, extraction of viral nucleic 
acids; (2) amplifi cation of target RNA or DNA; (3) detection of amplifi ed target products. 
Extraction methods generally have a lysis step where virions are disrupted and the nucleic acids 
are liberated, the viral nucleic acids are captured either specifi cally or non specifi cally to a solid 
phase, then unwanted materials are washed away.  Amplifi cation techniques includes Polymerase 
Chain Reaction (RT-PCR/PCR), Transcription mediated Amplifi cation (TMA), and Nucleic acid 
Sequence Based Amplifi cation (NASBA).  Detection methods comprise EIA, chemiluminescent, 
and fl uorescent technologies11.  

3.1  Sample Preparation
Extracting and purifying nucleic acids has been complicated and labor intensive12. To overcome 
these complexities and to accommodate high throughput in sample preparation, BioRobot 
(Qiagen)13-15 , NucliSens extractor (Organon Teknika)16-18, MagNa Pure (Roche) 19-21, and methods 
which employ hybridization of extracted nucleic acids to specifi c probes attached to magnetic 
beads have been reported22,23. Such methods are, in theory, subject to automation for individual 
testing.  Methodology specifi cally designed for high throughput single unit testing is described 
in detail in chapter 6.

Qiagen BioRobot method: Viral RNA is extracted and purifi ed from 200 uL of plasma by using a 
viral RNA test kit (QIAamp 96, Qiagen) for use with the BioRobot 9604 (Figure 4). After purifi cation, 
nucleic acids are eluted in a volume of 80 uL of RNase-free elution buff er. The QIAamp 96 viral RNA 
test kit uses the selective binding properties of a silica-based membrane with a high-throughput 
96-well format and is designed for automated, simultaneous processing of multiple samples on 
the BioRobot 9604. With this device, up to 96 samples of 200 uL each can be processed in less 
than 2 hours.

Figure 4. Qiagen BioRobot sample preparation system.

Source: www.qiagen.com
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The NucliSens Extractor method.: Using the "Boom" method (Figure 5), the NucliSens Extractor 
processes sample volumes of 0.01 – 2.0 ml (Figure 6), making it ideally suited for testing both 
single clinical samples and pooled samples in blood banks. The closed system is designed to 
eliminate both sample-to-sample carryover and environmental contamination throughout 
the extraction process. Viral RNA is extracted and purifi ed from 1.0 mL of plasma by using the 
NucliSens Extractor according to the instructions of the manufacturer. After purifi cation, nucleic 
acids are eluted in a 50-uL volume of elution buff er. The NucliSens Extractor uses the silica-based 
extraction method described by Boom et al24 for the purifi cation of nucleic acids. The extractor 
allows sample volumes up to 2.0 mL and has a capacity of 10 samples per run with a processing 
time of less than 60 minutes.

Figure 5. Principles of Boom’s method

Source: http://www.biomerieux-usa.com/

Figure 6. Extraction steps in Nuclisens extractor.

Source: http://www.biomerieux-usa.com/
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MagNA Pure method:  The purifi cation of total RNA is based on magnetic bead technology 
(Figure 7)22 and can be divided into the six basic steps as shown in Figure 8. 1).  Addition of Lysis/
Binding Buff er and Proteinase K results in release of viral RNA, inactivation of Rnases.  2).  Binding 
of the RNA to the silica surface of the added Magnetic Glass Particles (MGPs) due to the chaotropic 
salt condition and the high ionic strength of the Lysis/Binding Buff er. 3). Incubation with DNase 
solution; digestion of contaminating genomic DNA. 4). Removal of unbound substances like 
proteins (nucleases), cell membranes, and potential PCR inhibitors by Wash Buff er I. 5). Removal 
of impurities (cell debris) and reduction of the chaotropic salt concentration by Wash Buff er II. 6). 
Elution of purifi ed RNA at elevated temperature.

Figure 7 Principles of magnetic bead extraction method

Source: Miyachi, 2000 J Clin Microbiol. 2000 January; 38(1): 18–21. 

3.2  Amplifi cation Technologies
1.  PCR-based method: 
PCR amplifi es a target region of a gene sequence using a pair of primers.  Repeated cycles of 
denaturing double strand DNA and primer annealing to the denatured single strand template, in 
combination with DNA polymerase activity of Taq enzyme, enables amplifi cation of a target in the 
power of cycle number over two, resulting in production of billions of copies.  For the detection 
of RNA viruses reverse transcription (RT) step is required to generate complimentary DNA (cDNA) 
prior to amplifi cation.

2.  Transcription based method
TMA and NASBA are similar techniques involving one step isothermal amplifi cation of a target 
gene, which involves a continuous cycle of RT and RNA transcription.  In this reaction primers 
contain the promoter sequence for an RNA polymerase.  

070173_Boek Don Lee.indb   15070173_Boek Don Lee.indb   15 22-05-2007   13:28:1722-05-2007   13:28:17
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Figure 8. Steps in MagNA Pure extraction system.

Source:  www.roche-applied- science.com

PCR-based method: PCR was the fi rst amplifi cation method devised and is still a widely used 
NAT technique (Figure 8). For the detection of RNA viruses such as HCV and HIV, a RT step must 
fi rst be used to generate a complementary DNA (cDNA) sequence25. Target DNA or cDNA 
molecules are denatured into single strands by heating the reaction mixture to around 94 °C, 

Figure 8 Principles of PCR method

Source: http://home.nvg.org/~forthun/gif/pcr-3stp.gif
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and the temperature is then reduced to allow synthetic oligonucleotide primers, complimentary 
to the area of interest, to bind to each of the single-stranded DNA molecules. The temperature 
is then raised to the optimum for strand extension by a thermostable DNA polymerase26.  Two 
such primers binding to the sense and antisense strands are used to copy the complimentary 
sequence of the target DNA. By cycling the temperature between denaturation, primer annealing 
and extension steps 40 times or more, a greater than 109-fold amplifi cation of the target sequence 
can be achieved. 

TMA
The TMA HIV/HCV assay was developed by Gen-Probe, Inc. (San Diego, CA, USA)27.  Greater 
than a billion-fold amplifi cation is achieved under isothermal conditions using the company’s 
patented TMA technology (Figure 9). In this system, three enzymes, reverse transcriptase, RNAse 
H and RNA polymerase, are added to the reaction mixture. The target sequences are copied by 
reverse transcriptase to produce a transcription complex. The transcription complex is used to 
make numerous RNA transcripts of the sequence, and the process repeats auto-catalytically. 

Figure 9 Principles of TMA method

Source: Gen-Probe Transcription –Mediated Amplifi cation: Sytem Principles. By C.S. Hill (Gen-Probe)
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NASBA
A similar isothermal amplifi cation system, NASBA (Figure 10), was developed by Organon 
Teknika (Boxtel, The Netherlands)28,29.  NASBA is an isothermal nucleic acid amplifi cation 
process involving the simultaneous activity of three enzymes; reverse transcriptase, RNase H 
and T7 RNA polymerase [12, 20]. This technique utilizes two oligonucleotide primers in which 
the downstream antisense primer contains a highly conserved 5’ promoter sequence recognized 
by T7 RNA polymerase. Since reverse transcriptase is incorporated into the amplifi cation 
mixture, RNA can be added directly to amplifi cation reactions without prior manipulation such 
as the generation of cDNA templates as are required   Its advantage over the traditional RT-PCR 
technique is its suitability for the direct amplifi cation of RNA targets, obviating the need for 
thermal cycling equipment. 

Figure 10
 Principles of NASBA method

Source: Jean J, Blais B, Darveau A, Fliss I. Detection of hepatitis A virus by the nucleic acid sequence-based amplifi cation 

technique and comparison with reverse transcription-PCR. Appl Environ Microbiol 2001;67(12):5593-600
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3.3  Detection Technologies
The amplifi ed sequences can then be detected by a variety of methods including 
chemiluminescent, fl uorescent, or colorimetric methods.

HPA: The detection of amplifi ed product is achieved by hybridization protection assay (HPA) 
technology30, whereby probes labelled with acridinium ester are added to the amplifi cation reaction 
(Figure 11). A selection reagent is then added to diff erentially hydrolyse the label associated with 
the unhybridized probe, and chemiluminescence of the hybridized probe is detected following 
the addition of peroxide and alkali. The reaction kinetics diff er between the acridinium esters 
on the target and IC probes so that IC produces a short fl ash of light and the target produces 
a longer glow. In this way, the target and IC can be distinguished in the same tube31. No wash 
steps or transfers of amplicon to separate reaction vessels are required, minimizing carry-over 
contamination.

Figure 11 Principles of HPA method

Source: Gen-Probe Transcription –Mediated Amplifi cation: System Principles. By C.S. Hill (Gen-Probe) 

Molecular beacons: Molecular beacons are single-stranded oligonucleotide hybridization 
probes that form a stem-and-loop structure (Figure 12). The loop contains a probe sequence that is 
complementary to a target sequence, and the stem is formed by the annealing of complementary 
arm sequences that are located on either side of the probe sequence. A fl uorophore is covalently 
linked to the end of one arm and a quencher is covalently linked to the end of the other arm. 
Molecular beacons do not fl uoresce when they are free in solution. However, when they hybridize 
to a nucleic acid strand containing a target sequence, the distance between the fl uorophore and 
the quencher enables them to fl uoresce brightly

In the absence of targets, the probe is dark, because the stem places the fl uorophore so close 
to the nonfl uorescent quencher that they transiently share electrons, eliminating the ability of 
the fl uorophore to fl uoresce. When the probe encounters a target molecule, it forms a probe-
target hybrid that is longer and more stable than the stem hybrid. The rigidity and length of 
the probe-target hybrid precludes the simultaneous existence of the stem hybrid. Consequently, 
the molecular beacon undergoes a spontaneous conformational reorganization that forces the 
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stem hybrid to dissociate and the fl uorophore and the quencher to move away from each other, 
restoring fl uorescence32. 

Figure 12  Principles of Molecular Beacon method

Source: Tyagi S, Kramer FR. Molecular beacons: probes that fl uoresce upon hybridization. Nat Biotechnol 

1996;14(3):303-8.

Taqman:  An oligonucleotide probe is constructed containing a reporter fl uorescent dye on the 
5´ end and a quencher dye on the 3´ end. While the probe is intact, the proximity of the quencher 

Figure 13  Principles of Taqman  method

Source: http://www.appliedbiosystems.com
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dye greatly reduces the fl uorescence emitted by the reporter dye by fl uorescence resonance 
energy transfer (FRET) through space (Figure 13).  If the target sequence is present, the probe 
anneals downstream from one of the primer sites and is cleaved by the 5´ nuclease activity of Taq 
DNA polymerase as this primer is extended. This cleavage of the probe separates the reporter dye 
from the quencher dye, increasing the reporter dye signal, and removes the probe from the target 
strand, allowing primer extension to continue to the end of the template strand. Thus, inclusion of 
the probe does not inhibit the overall PCR process. Additional reporter dye molecules are cleaved 
from their respective probes with each cycle, resulting in an increase in fl uorescence intensity 
proportional to the amount of amplicon produced33.

Colorimetric detection: Roche uses this detection scheme on COBAS AMPLICOR system.  
Following PCR amplifi cation, the biotin-labeled viral target is hybridized to the target-specifi c 
oligonucleotide probes bound to the magnetic particles. This hybridization of amplicon to the 

Figure 14  Principles of colorimetric detection method34

Source: Kessler HH, Pierer K, Santner BI, et al. Automation of polymerase chain reaction-based systems for detection 

of hepatitis C virus RNA. Clin Chem Lab Med 1998;36(8):583-6.
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target-specifi c probe increases the overall specifi city of the test. Following the hybridization 
reaction, the magnetic particles are washed to remove unbound material, and then Avidin-
Horseradish Peroxidase Conjugate is added. The Avidin-Horseradish Peroxidase Conjugate binds 
to the hybridized biotin-labeled amplicon. A substrate solution containing hydrogen peroxide and 
3,3’,5,5’-tetramethylbenzidine (TMB) is added. In the presence of hydrogen peroxide, the particle-
bound horseradish peroxidase catalyzes the oxidation of TMB to form a colored complex (Figure 
14). The absorbance is measured by the COBAS AMPLICOR Analyzer at a wavelength of 660 nm. 

4.  Current NAT Screening Systems in US
1.  Roche’s Ampliscreen employs a high-speed centrifugation step intended to concentrate 

and pellet the viral particles prior to the extraction step. The targets are amplifi ed in a single 
step RT-PCR using one biotinylated primer.  During the detection procedure, the biotinylated 
strands bind to a probe coated onto micro well plate (MWP), biotin avidin complexes are 
measured in a spectrophotometer.  

2.  GenProbe/Chiron’s Procleix system uses magnetic microparticle assisted oligo-capture method 
for sequence specifi c extraction. The specifi c targets are amplifi ed using TMA technology, and 
detection is accomplished with the hybridization protection assay (HPA).

5.  Individual Donor (ID) NAT 
NAT screening of individual blood donations rather than pool testing would provide the state-of-
the-art diagnostic precision to further reduce the risk of transmission of blood-borne pathogens. 
Although amplifi cation and detection methods in NAT technology can be run in 96-well reaction 
plates, individual NAT testing is hampered, mainly because nucleic acid purifi cation procedures 
are still labor-intensive, and expensive for the individual donor testing.

To overcome the above limitations in the purifi cation of viral nucleic acids by providing effi  cient 
and economical steps for extraction of nucleic acids from serum, or plasma, we have developed 
an economical high throughput nucleic acid extraction method for blood borne viruses, suitable 
for use in screening of plasma samples ready for multiplex detection. This system includes a semi-
automated procedure, using 96 well glass fi ber plates for the extraction of RNA and DNA viral 
nucleic acids from plasma.  This is described in chapter 7.

6.  Aims of Studies
The focus of this thesis is on the development of high throughput, economical and sensitive 
nucleic acid testing (NAT) methodology, ultimately for use in multiplex detection of blood borne 
viruses in the screening of blood.

A potential high throughput sample preparation for NAT screening was studied using 96-well 
hydrophilic polyvinylidene fl uoride (PVDF) fi lter plates (chapter 2).

An economical and convenient method for preservation of integrity of viral nucleic acids in 
plasma was studied to facilitate NAT screening in developing countries especially in tropical areas 
(chapter 3).
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A simplifi ed and improved high throughput sample preparation method was developed using an 
SDS based lysis buff er in combination with glass fi ber fi lter plates for simultaneous extraction of 
RNA and DNA viruses in plasma (chapter 4)

A simple method for concentration of virions in infected plasma prior to extraction of nucleic 
acids was developed using polyethylene glycol (PEG) to increase the sensitivity of NAT screening, 
especially for the detection of low titer specimens such as West Nile virus (chapter 5). 

As proof of concept for high throughput, economical and sensitive NAT methodology, suitable for 
individual donor NAT testing, a technology for WNV was developed and evaluated (chapter 6).
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ABSTRACT

BACKGROUD: Automation of nucleic acid amplifi cation testing (NAT) for single blood units 
is presently hampered by the labor intensive steps involved in extraction of nucleic acids from 
samples prior to amplifi cation procedures.  We have developed a new method for the automation 
of these steps using hydrophilic polyvinylidene (PVDF) fi lter plates.  
STUDY DESIGN AND METHODS: Quantitative nucleic acid recoveries from sera containing 
HCV, HIV, HBV, HAV, human parvovirus B19, and from 3H labeled HCV RNA were determined by 
the semi-automated PVDF and Qiagen single column methods in parallel. Quantitative PCR was 
performed with the AmpliSensor system (Biotronics, MA). 
RESULTS: Recoveries of 72-87% (HCV), 76-112% (HIV), and 64-98% (HBV) were observed with 
the PVDF method in comparison to the Qiagen single column methods. The sensitivity of the 
PVDF based PCR assay for HCV, HIV, and HBV in serum samples was always within two fold of that 
obtained when the Qiagen single column methods were used in the same assay. Using 3H labeled 
HCV RNA, recoveries of approximately 70% were found by both methods. 
 CONCLUSION: The PVDF method will permit full automation of nucleic acid extraction 
simultaneously from sera containing HCV, HIV and HBV. This procedure will permit NAT screening 
of individual units of blood, replacing the current screening of pools. This will achieve improved 
blood safety with reduced labor and costs.

070173_Boek Don Lee.indb   29070173_Boek Don Lee.indb   29 22-05-2007   13:28:2622-05-2007   13:28:26



Chapter 2

30

INTRODUCTION

Serologic screening procedures have substantially reduced the risk of transmission of blood-
borne pathogens.  However, there are still residual risks due largely to the blood units donated 
from newly infected individuals during the pre-seroconversion period, the so called ‘window 
period’1-2. To reduce the duration of the window period, the polymerase chain reaction (PCR), 
or nucleic acid amplifi cation testing (NAT), is being instituted in Europe and the U.S3. Although 
these assays can be carried out using a 96-well format for high throughput, the viral nucleic acid 
purifi cation process is generally slow and labor-intensive.  Due to the lack of widely available 
automated testing equipment, NAT is available for pools of samples at this time3, however the U.S. 
FDA is encouraging the eventual testing of single donations4.  Thus, a rapid method of isolating 
viral nucleic acid is needed.

Extracting and purifying nucleic acids has been complicated and labor intensive in the past due 
to organic extractions and precipitation steps5.  These procedures require repeated centrifugation, 
and careful removal of supernatant,  steps which are diffi  cult if not impossible to automate.  
Despite claims for convenient “Direct” methods, which omit organic extraction and washing steps, 
these have been found to suff er from interference by inhibitors present in many sera6-8.  In our 
experience, such samples can give false negative results on undiluted samples.  Thus, the majority 
of existing methods are not suitable for automated PCR because of either the requirement for 
centrifugations, or their unreliability.  Methods which employ hybridization of extracted nucleic 
acids to specifi c probes attached to magnetic beads have been reported9-10.  Such methods are, 
in theory, subject to automation, but are likely to be costly. 

It is the purpose of this study to overcome the above limitations in the purifi cation of viral 
nucleic acids by providing effi  cient and economical steps for extraction of nucleic acids from 
serum, plasma, or cells.  This method must include a capture step in which the desired nucleic 
acid can be specifi cally or non-specifi cally bound to a solid phase, permitting inhibitors and 
unwanted components to be removed by washing.  In addition, the method should not include 
centrifugation as this is diffi  cult to incorporate into automated technology. 

In the method to be presented hydrophilic polyvinylidene fl uoride (PVDF) membranes, together 
with SiO

2, 
 to enhance HBV extraction, are used to capture nucleic acids.  These are incorporated in 

a 96-well plate format, permitting the use of a vacuum manifold for capturing and washing. This 
method is suitable for use with laboratory robotics for the total automation of NAT screening of 
individual donations.
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MATERIALS AND METHODS

Virus stocks
A stock of HCV was obtained from a chronically HCV infected blood donor (NYBC #292). The HBV 
infected plasma was taken from a chronically infected chimpanzee. The HIV stock was a cell-free 
supernatant from HIV infected human peripheral blood lymphocytes (PBL). The Parvovirus B19 
stock was obtained from Dr Anne Marie Courouce.  The HAV stock was obtained from Dr Stan 
Lemon as supernatant from HAV infected BSC-1 cells. 
  
Sample preparation

Qiagen single column method. The QiaAmp Viral RNA kit (Qiagen, Chatsworth, CA) was used as 
the control purifi cation method for HIV, HAV, and HCV throughout this study, providing a standard 
for the evaluation of the PVDF method for these viruses.  The QiaAmp Blood kit was similarly used 
as a standard for HBV DNA and parvovius B19 DNA

PVDF/robotics procedures 
 0.22 µm hydrophilic PVDF (Millipore, Bedford, MA) membrane fi lter plate was used for viral nucleic 
acid extration in this study.  70 µL plasma was lysed with 250µL lysis buff er (5 M GuSCN, 40 mM 
Tris-HCl, 20 mM EDTA, 1% Triton x-100 or GuSCN based lysis buff er such as Qiagen AVL buff er) for10 
minutes at room temperature. 250 µL ETOH was mixed with the lysate by 10X pipetting on the 
Biomek 2000 (Beckman, Fullerton, CA). 300 µL of above solution was transferred to the PVDF fi lter-
plate and vacuum fi ltered at 600 mm Hg. The remainder of the solution was transferred to load a 
total 570 µL of the lysate. 300 µL of washing buff er (50 mM NaCl, 10 mM Tris-HCl, 2 mM EDTA in 50 
% ethanol or Qiagen AW2 buff er) was delivered to the plate, then fi ltered at 675 mm Hg for each of 
three washes. The bottom of the plate was blotted onto Whatmann 3mm paper to remove drops 
of wash solution. Vacuum at 675 mm Hg was applied to the fi lter plate for 10 minutes to remove 
residual washing buff er, the bottom was again blotted and the plate was air dried for 10 minutes. 
50 µL of nuclease-free H

2
O was added to the fi lter plate and vacuum fi ltered at 600 mm Hg to elute 

the samples into a U-bottom 96-well plate. Pipetting steps for reverse transcription, and for the PCR 
steps, were done using the robotic capabilities of the Beckman 2000 pipetting station.

Quantitative PCR assay (AmpliSensor assay)
Quantitative PCR assays were carried out using the AmpliSensor system (Biotronics, Lowell,  MA), 
in accordance with the manufacturer’s instructions.  The AmpliSensor assay system monitors the 
amplifi cation effi  ciency of the PCR reaction via a fl uorescence resonance energy transfer (FRET) 
based detection scheme 11.  The cDNA products were reverse-transcribed from viral RNA.  Then, 
the products were amplifi ed in an asymmetric manner to generate single strand target DNA.  The 
single strand products were re-amplifi ed in a semi-nested manner with a fl uorescent probe and 
primers.  Fluorescence was measured using a fl uorescence microplate reader, the AmpliSensor 
Minilyzer (Biotronics, Lowell, MA). Quantitation is based on serial fl uorescent measurements carried 
out between the 22nd and 41st PCR cycle, and a computer generated standard curve derived from 
a dilution series from known quantities of synthetic RNA transcripts, or plasmid DNA molecules.
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Reverse transcription.  The reaction was carried out in a 20 µL volume containing 10 µL of PVDF 
eluate, 20 U M-MLV reverse transcriptase (Gibco BRL, Rockville, MD), 12 U RNAse Inhibitor (RNasin, 
Promega, Madison, WI), 50 mM Tris-HCl (PH8.9), 75 mM KCl, 10 mM DTT, 1.5 mM MgCl

2
, 0.1 mM 

dNTP, 0.1 µM reverse primers (HIV GAG: 5’- atgct ggtag ggcta tacat -3’, HCV 5’ UTR: 5’- gcgac ccaac 
actac tcggc ta -3’).  The reaction was run at 420C for 45 minutes, 900C for 2 minutes on a thermal 
cycler (AG 9600 Cycler, Biotronics, Lowell, MA). 

Asymmetric Amplifi cation.  4µL of PCR master mix was added to above cDNA reaction tube.  
The PCR master mix contained 1U of Taq polymerase (Promega, Madison, WI), 50 mM Tris-HCl (PH 
8.7), 40 mM KCl, 1 mM DTT, 4 mM MgCl

2
, 0.9 µM of forward primers (HIV GAG: 5’- gaacc aaggg 

gaagt gacat agcag -3’, HCV 5’ UTR: 5’- gaaag cgtct agcca tggcg ttagt a -3’; no additional forward 
primers were added)12.  HBV PCR asssay was carried out in 20µL volume, using primers derived 
from the region encoding surface antigen (0.9 µM forward primer 5’- tgctc gtgtt acagg cgggg t -3’ 
and 0.1 µM reverse primer 5’- gaggc atagc agcag gatga agag -3’) 13. A 25 cycle amplifi cation was 
run at 950C for 20 seconds, 600C for 30 seconds, and 720C for 45 seconds on a thermal cycler (AG 
9600 Cycler, Biotronics, Lowell, MA).

Semi-Nested Amplifi cation and Detection. 4µL of Amplisensor primer duplex (1.5 ng/µl, 
Biotronics, Lowell, MA) was added to the above PCR product mixture.  One amplifi cation cycle 
was run at 950C for 20 seconds, 600C for 30 seconds, and 720C for 45 seconds on a thermal cycler 
(AG 9600 Cycler, Biotronics, Lowell, MA) to establish a base reading for the fl uorescent read out 
system (Amplisensor Minilyzer, Biotronics, Lowell, MA); thereafter, assay readings were carried out 
at every three PCR cycles until cycle 41.

HAV RT-PCR and Parvovirus B19 PCR
HAV RNA was reverse-transcribed in 20 µL reaction. The HAV cDNA and Parvovirus B19 DNA were 
amplifed as previously described, using equal amount of forward primers (HAV: 5’- gccgt ttgcc 
taggc tatag -3’, Parvo B19: 5’- aagtttgccg gaagt tcccg -3’) and reverse primers (HAV: 5’- ctcct acagc 
tccat gcta -3’, Parvo B19: 5’- agcat cagga gctat acttc  -3’) in 50µL reactions. 15µL of the PCR product 
was run on a 5% polyacryamide gel, stained with ethidium bromide, and visualized under UV 
light.

In Vitro transcription of synthetic 3H labeled HCV RNA and 
3H counting 
Full-length HCV-H strain (genotype 1b) was cloned into pBluescript-SK vector (Stratagene, La Jolla, 
CA) which contains a T7 promoter upstream of the 5’ UTR.  HCV RNA transcripts were synthesized 
from the linearized cDNA templates using the MEGAscript T7 polymerase kit (Ambion, Austin, 
TX)14.  For labeling, UTP/3H-UTP was mixed at 17:1 ratio. Serial dilutions of 3H-HCV RNA were 
spiked into human plasma lysate and were immediately subjected to Qiagen column and PVDF 
purifi cations.  Untreated 3H-RNA counts were compared with those of purifi ed samples to obtain 
percent recoveries.  All the readings were generated on a Microbeta liquid scintillation counter 
(Wallac, Gaithersburg, MD) using Optiphase SuperMix (Wallac, Milton Keynes, UK).
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Statistics
The PVDF and the Qiagen column methods were compared using the data from RNA/DNA 
quantities determined by quantitative PCR and 3H counting by pair-wise t-test.

RESULTS

Serial dilution of HCV plasma samples were extracted using the PVDF and Qiagen single column 
methods, then subjected to quantitative PCR analysis.  The recovery of HCV RNA isolated from 
the PVDF method was quantitative in all three dilutions and not signifi cantly diff erent from that 
obtained with the Qiagen single column method (Table 1A). To confi rm these results, the percent 
recovery was determined using in-vitro synthesized 3H labeled HCV RNA.  Based on 3H counting, 
HCV RNA recoveries were approximately 70% for both the PVDF and the Qiagen single column 
methods (Table 1B).   The PVDF method had a lower recovery than the Qiagen column method 
only for the highest HCV RNA concentration tested. This contained approximately 1010-1011 RNA 
molecules/ml, depending on the extraction volume, a concentration unlikely to be encountered 

TABLE 1. Comparison of HCV RNA recovery between Qiagen column and PVDF methods

A. Quantitative PCR

HCV* RNA recovery (Log10 RNA mols/ml)

Dilution 

(10x)

n Qiagen column PVDF fi lter

-2 6 6.27±0.05† 6.21±0.09

-3 6 5.24±0.09 5.16±0.07

-4 6 4.18±0.16 4.04±0.12

* Human serum from an HCV patient (NYBC #292) diluted in human plasma.

† Quantity determined by PCR assay using the AmpliSensor system ± S.D.

B.  Percent recoveries determined by 3H counting

 Percent recovery
HCV RNA* ng 

(molecules)

n† Qiagen column PVDF fi lter 

0.4ng (8X107) 6/6 51.67±10.84 ‡ 60.17±29.42

4ng (8X108) 6/5 75.00±16.71 75.60±13.90

40ng (8X109) 6/6 86.00±11.52 70.17±6.49§

Average 18/17 70.89±19.31 68.24±19.36

*3H-HCV RNA transcript generated from HCV-H strain

† Number of samples (Qiagen/PVDF)

‡ Percent recovery determined by 3H counting ± S.D.

§ Signifi cantly diff erent from Qiagen (p < 0.05).
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in clinical specimens.   These results confi rmed the PCR data, and further demonstrated that 
hydrophilic PVDF is as eff ective a medium as the Qiagen column for capturing HCV RNA when 
less than 40 ng (8 x 109 molecules) was applied.

To determine whether the PVDF method is also eff ective for other viral extraction procedures, 
HIV (RNA), HBV (DNA), parvovirus B19 (DNA) and HAV (RNA) serum samples were tested.  HAV was 
included despite the realization that this virus is not a major blood borne pathogen. However, 
HAV can rarely be transmitted by blood transfusion 15, and more importantly can be transmitted 
by pooled factor VIII preparations16, thus HAV NAT screening of plasma used for the manufacture 
of FVIII would be desirable. Similarly parvovirus B19 was included as it is an important and frequent 
contaminant in pooled plasma and plasma derivative preparations which could be eliminated by 
testing of source plasma. The recoveries of HAV RNA and parvovirus B19 DNA isolated with the 
PVDF method were better than those obtained with the Qiagen columns. Yields of amplicons 
were assessed on polyacrylamide gels (Figure 1).   

The recoveries of HIV RNA isolated with the PVDF method were not signifi cantly diff erent from 

TABLE 2.  Comparison of HIV RNA, HCV RNA, and HBV DNA recoveries between Qiagen column, PVDF, and PVDF/

silica methods

    Viral load (Log10 DNA mols/ml) 

 dilution (10x) n Qiagen column  PVDF PVDF/silica§ 

HIV* -1 6 7.62±0.10|| 7.53±0.09 7.52±0.11 

 -2 6 6.58±0.09 6.46±0.14   6.47±0.08 

 -3 6 5.35±0.15 5.40±0.14 5.25±0.06 

HCV† -1 6 7.42±0.05 7.30±0.13 7.29±0.14 

 -2 6 6.43±0.05 6.25±0.17 6.12±0.22¶ 

 -3 6 5.38±0.03 5.27±0.20 5.20±0.27

HBV‡ -1 6 6.25±0.06 5.79±0.13¶      6.10±0.09 ¶ ** 

 -2 6 5.24±0.09 4.85±0.23¶   5.05±0.15¶   

 -3 6 4.29±0.05 3.96±0.20¶ 4.28±0.15** 

* RNA was extracted from cell culture supernatant and diluted in human plasma.

† Human serum from an HCV patient (NYBC #292) diluted in human plasma. 

‡ HBV 75-546 challenge inoculum diluted in normal human plasma.

§  20µl silica beads suspension (4um, 20% solids, Bangs lab.) was added to the sample lysate prior to vacuum 

fi ltration

|| Quantity determined by PCR assay using the AmpliSensor system ± S.D.

¶ Signifi cantly diff erent from Qiagen (p < 0.05).

** Signifi cantly diff erent from PVDF (p < 0.05)
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those obtained with the Qiagen column method (Table 2).  The recovery of HBV DNA was lower 
than that with Qiagen column, but the addition of 4 mg silica beads to the sample lysate prior 
to vacuum fi ltration improved the HBV recovery signifi cantly, though the Qiagen columns were 
slightly more sensitive (Table 2). Applying more than 4 mg silica bead solution did not improve 
the recovery (data not shown).  The addition of silica beads did not interfere with extractions of 
HAV RNA, parvovirus B19 DNA (Figure 1), HIV RNA, and HCV RNA except for a minor reduction seen 
at the 10-2 dilution (Table 2). 
We also evaluated HBV DNA extraction using SDS buff er with protease (Qiagen Blood kit etc) 
because GuSCN based lysis does not completely remove covalently bound protein from the 5’ 
end of L strand of HBV DNA.17-18. When SDS based buff ers were used in the PVDF method in 
combination with silica beads, the PVDF method was as eff ective as the Qiagen Blood kit method 
(data not shown).
  
The PVDF method, using 96-well hydrophilic PVDF fi lter plates, was integrated into the Biomek 
2000 (Beckman, Fullerton, MA) to test semi-automated high throughput capability.  The robotics 
were programmed to deliver and transfer liquids in the PVDF procedures for HCV extraction from 
plasma samples, and HCV RNA capture, wash, and elution were achieved by vacuum fi ltration.  
Chronically HCV infected chimpanzee plasma samples, prepared with the PVDF/robotics 
procedures, displayed the same viral loads as found by the Qiagen column method in the PCR 
assay (Table 3).   Although there were slight sample to sample variations in the quantities recovered 
by the two methods, the mean of the data showed no diff erence. These results demonstrated that 

TABLE 3. Comparison of HCV RNA recovery from chronically infected chimpanzees between Qiagen column and 

PVDF/robotic methods

   
  RNA recovery (Log10 RNA mols/ml)

Chimp # Log# Qiagen column  PVDF /robotic 

167 98-190 5.67* 6.00

173 98-270 6.48 6.58

173 98-273 8.08 8.02

208 98-257 7.45 7.36

208 98-337 6.98 6.72

214 98-315 5.00 5.47

215 98-278 7.54 7.08

215 98-301 6.53 6.73

215 98-334 7.86 7.01

285 98-254 7.13 7.08

285 98-309 6.94 7.01 

 Mean±SD 6.88±0.92 6.82±0.67 

* Quantity determined by PCR assay using the AmpliSensor system.
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the semi-automated sample preparation has equivalent sensitivity to Qiagen column method 
in the PCR assay.  The method was technically feasible for high throughput undiluted sample 
preparation for PCR.

DISCUSSION

This study addressed the automation of a nucleic extraction procedure suitable for use in NAT 
screening of individual blood units. Presently NAT screening is carried out with pools, in part 
because no sample preparation methods are available which are suitable for automation and 
high throughput testing.  Testing of individual units, rather than pools, is likely to be particularly 
important for reducing the risk of transmission of HBV and HIV. The former has a long window 
period with gradually increasing viral titers19. The lower titer samples would be likely to be missed 
by pool testing.  HIV infections have a long intermediate phase where virus titers may be too low 
to be detectable in pools. 

Our data show that the PVDF fi lter method is suitable for single unit NAT testing in that it can be 
readily adapted to total robotic automation. The PVDF method was found to have a sensitivity equal 
to, or in some cases slightly less than, that of one of the most sensitive extraction methods20-21, 
Qiagen columns. In all cases the sensitivities were within 2 fold of each other. Further optimization 
is likely to eliminate any diff erences.

Importantly, the PVDF method  has been shown to be suitable for extracting both DNA viruses 
such as HBV and parvovirus B19, and RNA viruses such as HIV, HCV, and HAV with high sensitivity 
and using the same procedure. Thus the method is suitable for use prior to a multiplex NAT 
procedure 

Figure 1.  A 402 bp product from Parvo B19 DNA by PCR and a 237 bp product was amplifi ed from HAV RNA by 

RT-PCR.  PCR products obtained using Qiagen column (Q), the PVDF fi lter (F) and PVDF + Silica beads (FS) methods 

were compared for RNA recovery from supernatant of  HAV infected BSC-1 cells, and for DNA recovery from Parvo 

B19 infected serum, both diluted in normal human plasma.
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ABSTRACT

BACKGROUND: Preservation of the integrity of viral nucleic acids in blood specimens during 
shipping and handling is crucial for NAT screening and viral load monitoring. We are reporting an 
economical and convenient method for nucleic acid stabilization using RNAlater (Ambion, Austin, 
Tx) in plasma designed for shipment of samples in tropical countries.
STUDY DESIGN AND METHODS: HCV, HIV, and HBV fresh-frozen plasma (FFP), were compared 
with RNAlater treated plasma and dried plasma spots (DPS) after incubation at 37oC, chosen as 
an upper limit of ambient shipping temperature, for up to 28 days. HCV infected chimpanzee 
plasmas were shipped either at room temperature after RNAlater treatment, or as frozen plasma 
in liquid nitrogen from Liberia to New York City, and then compared for HCV RNA levels. The 
nucleic acid stabilities were determined by quantitative PCR using a molecular beacon assay on 
the Sequence Detection System (ABI 7700, PE-Biosystems, Foster city, CA), and by visualizing the 
PCR products on an acrylamide gel. 
RESULTS: Quantitative PCR data showed that a 60:40 or greater ratio of RNAlater to plasma 
volume successfully stabilized HCV RNA and HIV RNA in plasma for up to 28 days at 37oC. HBV 
DNA in plasma was stable for up to 14 days at 37oC without any stabilizing solution. Dried plasma 
spots (DPS) on fi lter paper stabilized viral nucleic acids, but the recoveries were 3-10 times less 
than those with frozen plasma. The integrity of the 5’UTR region of HCV RNA in RNAlater treated 
chimpanzee plasma was intact when its PCR product was viewed on an acrylamide gel.
CONCLUSION: The DPS method stabilized nucleic acids, however, at least with the extraction 
method used, was less sensitive than the RNAlater method, and required tedious manual 
handling. RNAlater provides a convenient way to stabilize viral nucleic acid in plasma at ambient 
temperature during sample transportation.
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Introduction

Nucleic acid testing (NAT) will become a standard screening method for blood donation in the near 
future. Furthermore, quantitative PCR is becoming a valuable tool for assessment of plasma viral load 
during antiviral therapy.  Plasma sample integrity is a key factor for successful PCR assays for the 
above applications. Shipping, handling and storage conditions of clinical specimens are known to 
infl uence the stability of viral nucleic acids. The degradation of viral RNA during routine specimen 
processing, storage and shipping could result in failure of its detection. The stability of viral nucleic 
acid in blood samples for PCR assay was addressed during collection, processing, storage 1-5and 
during multiple freeze-thaw cycles6. Blood specimens are routinely transported to NAT testing sites 
in EDTA or in Plasma Preparation Tubes (PPT; Becton Dickinson) at 2-8°C within 24 hours4,7.  However, 
samples for viral load testing that require long-distance transportation are usually shipped as plasma 
in dry ice to preserve the integrity of viral nucleic acid, which is costly, and in developing countries 
not readily available.  India is currently embarking on a National Program to confi rm Elisa positive 
samples resulting from blood bank screening nationwide by NAT testing in a central location. The 
use of overnight blood shipment of plasma in dry ice shipments would not be practical due to their 
relatively ineffi  cient transportation systems. Thus a simplifi ed and economical method to preserve 
the integrity of viral nucleic acid in plasma is needed in such regions.
In this study, we report an economical method for preserving integrity of viral nucleic acids in 
plasma, suitable for shipment at ambient temperature, using an RNA stabilization solution. 

Materials and Methods

Virus stocks
 A stock of HCV was obtained from a chronically HCV infected blood donor (NYBC #292). The 
HBV infected plasma (CPDA-1) was taken from a chronically infected chimpanzee (NYBC 75-546). 
HIV cell culture supernatant (HIV/III-CEM NYBC#30b) was diluted in human seronegative CPDA-1 
plasma for use in this study. 

Stabilization solution
RNAlater (Ambion, Austin, TX) is a tissue RNA stabilization solution, which is not recommended by 
the manufacturer for use with plasma samples. Nevertheless, we tested this solution for viral RNA 
stabilization by mixing at various ratios with plasma and incubating at 37oC.  Ten HCV infected 
chimpanzee plasmas were collected in Liberia, West Africa. One set of plasma were mixed with 
RNAlater (60 parts RNAlater: 40 parts plasma, v/v) and transported at room temperature, and a 
duplicate set of plasma was fl ash frozen and transported in liquid nitrogen via air to New York 
city. 

Dried Plasma Spots (DPS)
Fifty µL of HCV, HIV and HBV containing plasma was spotted onto fi lter paper (no.903; Schleicher 
& Schuell, Keene, NH). The plasma spot (approximately 1.5 cm in diameter) was dried for 3 hours 
in a laminar fl ow hood8, then incubated at 37oC.
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Sample Extraction
For extraction from frozen plasma and RNAlater/plasma mixtures, HCV and HIV RNA were extracted 
using the Qiagen viral extraction kit, and HBV DNA was extracted using Qiagen blood kits (Qiagen, 
Chatsworth, Ca). The extracted HIV samples were treated with 10 U of DNAase 1 (Ambion, Austin, 
TX) for 60 minutes at 37°C to remove HIV DNA. For extraction from DPS, the plasma containing 
fi lter paper circles were cut into 3 pieces to ensure submersion of all the materials from the 1.5 
cm disk under lysis buff er. HCV and HIV disks were suspended in 140 µL sterile water and 560 µL 
Qiagen AVL lysis buff er to meet the required volume for the Qiagen procedure, and incubated 
at room temperature for 1 hour with occasional vortexing. HBV disks were suspended in 200 µL 
sterile water and 200 µL Qiagen AL lysis buff er, incubated at 56°C for 1 hour, and then further 
extracted as recommended by the manufacturer. 

Quantitative PCR assay 
cDNA synthesis and PCR reaction mixtures are set up with a Beckman Biomek 2000 pipetting 
station in a laminar fl ow hood in a room dedicated to PCR set up. 
 Molecular beacons are single stranded oligonucleotide probes that form a stem and loop 
structure9. The loop contains a probe sequence that is complementary to the target amplicon, 
and the stem is formed by the annealing of complementary arm sequences that are located on 
either side of the probe sequence. A fl ourophore is linked covalently to the end of one arm, and a 
quencher is linked to the end of the other arm. Molecular beacons do not fl uoresce when free in 
solution. They fl uoresce when hybridized to a target strand. 

Reverse transcription – The reaction was carried out in a 20 µL volume containing 10 µL purifi ed 
nucleic acid, 20 units M-MLV reverse transcriptase (Gibco BRL, Rockville, MD), 12 U RNAse Inhibitor 
(RNasin, Promega, Madison, WI), 50 mM Tris-HCl (PH8.9), 75 mM KCl, 10 mM DTT, 1.5 mM MgCl

2
, 0.1 

mM dNTP, 1 µM reverse primer (HCV 5’ UTR: 5’-gta ctc acc ggt tcc gca ga-3’, HIV GAG: 5’-att tct cct 
act ggg ata ggt -3’).  The reaction was run at 42°C for 45 minutes at 90°C for 2 minutes. 

PCR – PCR master mix (30 µL) was added to the above cDNA reaction tube. The PCR master mix 
contained 2.5 units of AmpliTaq gold DNA polymerase (Perkin-Elmer), 4 mM MgCl2, 50 mM KCl, 
1 µM forward primer (HCV 5’ UTR: 5’-acg cag aaa gcg tct agc ca-3’, HIV GAG: 5’-aac caa ggg gaa 
gtg aca ta -3’(no additional reverse primers were added), 0.5 µM molecular beacon probe (HCV 5’ 
UTR: 5’-FAM ccgagc ctt agt atg agt gtc gtg cag cct gctcgg DABCYL-3’, HIV GAG: 5’-FAM catggc cag 
tac cct tca gga aca aat agg a gccatg DABCYL-3’, probe sequence underlined) and 10 mM Tris-HCl, 
pH 8.3. The reaction was run at 95°C for 10 minutes to activate AmpliTaq gold, and subsequently 
subjected to 40 cycles at 95°C for 30 seconds, at 55°C for 60 seconds, and 72°C for 30 seconds on a 
spectrofl uorometric thermal cycler (ABI PRISM 7700, PE-Biosystems, Foster city, CA). HBV PCR was 
carried out as described above using primer sequences encoding surface antigen: forward primer 
(5’- aaa ttc gca gtc ccc aac c –3’), reverse primer (5’- atg agg cat agc agc agg atg  –3’), and a probe 
(5’-FAM cgacgg ctg gat gtg tct gcg gcg ttt tat ccgtcg DABCYL-3’, probe sequence underlined) in 
50 µL fi nal volume. 

070173_Boek Don Lee.indb   43070173_Boek Don Lee.indb   43 22-05-2007   13:28:3622-05-2007   13:28:36



Chapter 3

44

Detection and quantitation - Fluorescence was monitored during every thermal cycle at the 
annealing step. The Sequence Detection v1.6.3 software program (PE-Biosystems, Foster city, 
CA), determines the copy number of the target template by analyzing cycle-to-cycle change in 
fl uorescence signal as a result of the amplifi cation of template during PCR, and by comparing 
unknowns to a curve generated from serially diluted known synthetic RNA or plasmid DNA 
standard samples. Synthetic HCV RNA transcribed from the linearized plasmid (full-length HCV-
H strain, genotype 1b), HIV-1 RNA from DNAse 1 treated HIV cell supernatant (NYBC #30) and 
pJW-So plasmid encoding HBV S antigen (subtype ayw) were used as quantitation standards 
for HCV, HIV-1 and HBV, respectively. All standards were calibrated with EUROHEP panels (CLB, 
Netherlands) for determination of copy numbers. Aliquots of the quantitative PCR products from 
chimpanzee specimens were also run on a 5% polyacryamide gel, stained with ethidium bromide, 
and visualized under UV light.

Quality control – Four to ten HCV, HIV or HBV positive plasma samples were co-assayed in each 
PCR as external positive controls, containing an average of Log

10
 4.55 copies /ml for HCV, Log

10
 

5.90 copies /ml for HBV, and Log
10

 6.45 copies /ml for HIV, to monitor extraction and amplifi cation 
effi  ciencies. Only assays with the average of positive controls within two standard deviation of 
accumulative run averages were accepted as valid. Four to ten negative human plasma samples 
were also included as negative controls.

Statistics 
HCV, HIV, and HBV plasma specimens treated with RNAlater or prepared as DPS were incubated at 
37 oC and compared with frozen plasma using the data from quantitative PCR by pairwise t-test. 

Results

Stabilization solution
HCV, HIV and HBV plasma samples without addition of stabilizing solution, were incubated at 37oC 
for 1-28 days, then subjected to nucleic acid extraction and quantitative PCR assay simultaneously 
when all samples had been collected. The quantitative PCR data showed that HCV RNA and HIV 
RNA held without stabilizing solution started to degrade within one day and three days at 37oC, 
respectively, while HBV DNA was stable up to 14 days, after which there was a minor drop in viral 
load. (Table 1).  

To determine optimal amount of RNAlater for stabilization, HCV plasma samples were mixed with 
RNAlater at various ratios, then incubated at 37 oC for 7, 14, and 28 days prior to nucleic acid 
extraction and quantitative PCR assay.  The quantitative PCR assay showed that plasma at a ratio 
of 3:2 (60 µL RNAlater: 40 µL plasma), or higher ratios of RNAlater to plasma, successfully stabilized 
HCV RNA in plasma at 37 oC for up to 28 days (Table 2). Table 3 shows successful stabilization of 
HCV and HIV RNA in plasma for up to 28 days at 37 oC at a ratio of 50 µL plasma mixed with 90 µL 
RNAlater. Plasma/RNAlater volumes were determined based on the data in Table 2 and to meet the 
total sample volume of 140 µL in the Qiagen extraction procedure.  HBV DNA in RNAlater solution 
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Table 1.  Sample degradation of unstabilized viral nucleic acids in plasma at 37oC shown by quantitative PCR

  Quantity (Log10 molecules/ml)

 Days at 37°C HCV HIV HBV  

 0 (FFP*) 4.88±0.15† 7.72±0.21 6.84±0.11 

 1 4.63±0.08‡ 7.61±0.21 6.81±0.14 

 3 4.10±0.17‡ 7.39±0.19‡ 6.77±0.12 

 7 3.77±0.20‡ 6.77±0.11‡ 6.77±0.16 

 14   6.76±0.20 

 21   6.72±0.05‡ 

 28   6.56±0.17‡ 

* Fresh-frozen plasma.

† Mean quantity of 6 replicates determined by quantitative PCR ± SD.

‡ Signifi cantly diff erent from 0 day sample (p<0.05).

Table 2. Optimal ratios of RNAlater for stabilization of HCV RNA in plasma at 37oC 

Ratio  Quantity (Log10 molecules/ml)

RNAlater: plasma FFP* 7 days 14 days 28days 

0/100 5.03±0.27† 3.25±0.29‡ 3.29±0.17‡ 3.24±0.22‡ 

20/80 4.71±0.10 4.25±0.25‡ 4.21±0.19‡ 3.44±0.20‡  

40/60 4.64±0.10 4.79±0.14 4.38±0.21‡ 3.62±0.15‡  

60/40 4.40±0.11 4.47±0.36 4.35±0.34 4.28±0.18  

80/20 4.11±0.11 3.89±0.35 4.31±0.28 4.17±0.19  

90/10 3.76±0.23 3.56±0.21 3.61±0.27 3.72±0.14 

* Fresh-frozen plasma; no RNAlater added, sample volumes were substituted with normal human plasma.

† Mean quantity of 6 replicates determined by quantitative PCR ± SD.

‡ Signifi cantly diff erent from FFP (p<0.05).

Table 3. HCV, HIV and HBV nucleic acid stabilization by RNAlater in plasma at 37°C.

    Quantity (Log10 molecules/ml)

  FFP* 1day 3days 7days 14days 21days 28days 

 HCV 5.59±0.19† 5.63±0.16 5.62±0.17 5.68±0.11 5.76±0.14 5.69±0.13 5.64±0.14

 HIV 7.42±0.19 7.39±0.34 7.46±0.23 7.38±0.25 7.59±0.20 7.55±0.19 7.40±0.17

 HBV 6.84±0.11 6.37±0.21‡ 6.23±0.11‡ 6.26±0.19‡ 6.30±0.10‡ 6.39±0.12‡ 6.16±0.24‡ 

*Fresh-frozen plasma.

† Mean quantity of 6 replicates determined by quantitative PCR ± SD.

‡ Signifi cantly diff erent from FFP (p<0.05)
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seemed to lose about Log
10

 0.5 copies/ml during SDS based buff er extraction procedures used 
in the Qiagen Blood kit when compared to fresh frozen samples. The diff erence was signifi cant 
(p<0.05), although the RNAlater treated samples taken at diff erent times were not diff erent from 
each other. Considering the fact that untreated HBV DNA plasma was stable up to 14 days at 37 

oC (Table 1), the diff erence may be due to interference between RNAlater and the SDS buff er 
system. We did not see this reduction with HCV RNA or HIV RNA where guanidine thiocyanate 
based buff er was used for extraction.  To determine whether our experimental temperature, 37 

oC, provides a reasonable guide for shipment at ambient temperature, HCV infected plasma was 
collected from ten chimpanzees in Liberia, and shipped to New York City via air either in RNAlater 
at room temperature, or frozen in liquid nitrogen.  The chimpanzee plasma transported from 
Liberia to New York City with either method showed no signifi cant diff erences in their viral loads 
(Table 4). An acrylamide gel showed that PCR bands from RNAlater treated and frozen specimen 
were not diff erent from each other, indicating the integrity of the 5’UTR region of HCV RNA in 
RNAlater solution at ambient temperature (Fig 1). 

DPS
In an attempt to compare virus stability in RNAlater with dried plasma spots (DPS), 50 µL of HCV, HIV 
and HBV plasma were spotted on a fi lter paper and dried in a laminar fl ow hood, then incubated 
at 37 oC for 0, 3, 7, 14, 21, and 28 days prior to extraction and quantitative PCR. Despite the claims 
that DPS could be used to stabilize viral RNA in plasma8, the PCR sensitivity was approximately 3-
10 times less in our hands, probably due to the relative ineff ectiveness of the extraction method 
for DPS (Table 5). Even though a prolonged lysis time was allowed for DPS extraction, the recovery 

TABLE 4. Comparison of HCV RNA quantities from HCV infected chimpanzee plasma shipped as frozen and 

RNAlater treated plasma

 RNA recovery (Log10 RNA mols/ml)
Chimp # FFP* RNAlater† 

147 3.74‡ 3.87
167 5.11 5.09
194 7.03 7.17
213 3.82 3.68
214 4.86 4.80
275 5.36 5.02
280 5.21 5.29
325 5.77 5.48
328 6.74 6.59
353 5.44 5.44  

Mean±SD 5.31±1.06 5.24±1.07 p=0.45

* Fresh-frozen plasma.

† RNAlater treated plasma (60 RNAlater : 40 plasma, v/v).

‡ Quantity determined by quantitative PCR.
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of viral nucleic acids was signifi cantly less than that from fresh-frozen plasma.  Similar results were 
also observed by other investigators10.  Furthermore, the procedures for DPS preparation and 
extraction were far more tedious than those used for RNAlater treatment.   

Conclusions

Based on quantitative PCR assay, a 3:2 or greater ratio of RNAlater to plasma volume stabilized HCV 
RNA and HIV RNA in plasma for up to 28 days at 37oC.  Stability would be presumably even higher 
at lower temperature. 37oC was chosen as an upper limit of temperature that can be expected 
during ambient temperature shipment. Although these experiments were conducted at 37oC 
as an upper limit of ambient temperature, the stability of RNAlater treated chimpanzee plasma 
transported from Liberia to New York strongly suggest that this method is valid at wide ranges 
of ambient temperatures since these specimens traveled from a tropical country, then in an 
airplane, and then in a temperate zone for a total of fi ve days.  HBV DNA in plasma does not need 

Table 5. Stability and sensitivity of detection of HCV RNA, HIV RNA and HBV DNA stored at 37°C as dried plasma 

spots 

    Quantity (Log10 molecules/ml)

 FFP* 0day 3days 7days 14days 21days 28days

HCV 5.15±0.05† 3.93±0.41 3.99±0.09 4.13±0.12 4.24±0.35 4.26±0.19 4.19±0.17

HIV 7.53±0.06 6.70±0.11 6.88±0.05 6.98±0.01 6.92±0.12 7.04±0.04 6.94±0.04

HBV 6.84±0.10 5.79±0.15 5.95±0.16 5.88±0.15 5.81±0.19 5.75±0.19 5.63±0.10 

*Fresh-frozen plasma.

† Mean quantity of 3 replicates determined by quantitative PCR ± SD.

Figure 1.  PCR products obtained from three HCV infected chimpanzees were compared for RNA integrity: 

duplicate aliquots of frozen and RNAlater treated plasma. A 101 bp product from HCV 5’UTR was amplifi ed in 

quantitative RT-PCR: Quantities ranged log
10

 3.68 – 7.18/ml. Lanes: 1, positive control; 2, negative control, 3 and 

4, chimpanzee # 353, 5 and 6, chimpanzee # 213, 7 and 8, chimpanzee # 194. F; fresh frozen plasma. R; RNAlater 

treated plasma.
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stabilizing solution for up to 14 days at 37oC, or at room temperatures lower than 37oC, since HBV 
DNA is more stable. The 3:2 ratio is optimal since higher ratios result in undesirable dilution, and 
resultant lowering of sensitivity. The DPS method stabilized nucleic acids, however, at least with 
the extraction method we tested, was less sensitive than the RNAlater method. Moreover, the DPS 
procedure requires tedious manual handling. RNAlater treated plasma provides a convenient way 
to stabilize viral nucleic acids in plasma at ambient temperature during sample transportation for 
viral load assay or NAT.
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Abstract

The risk of transmitting blood-borne viruses through blood or blood components mainly depends 
on the quality of the applied screening procedure. Nucleic acid testing has been shown to be 
superior to conventional antibody and antigen assays. Currently, technical limitations, especially 
of the sample preparation process, restrict the application of these assays to pooled samples 
for blood screening or selected individual cases for confi rmation. We describe a simple and fast 
procedure for simultaneous extraction of RNA and DNA from infected plasma, suitable for full 
automation and single blood unit high-throughput analysis. The extraction was shown to be 
effi  cient at various sample volumes and equivalent or superior to commercial kits.
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Introduction

Screening procedures for diagnosis of infectious diseases usually involve handling of large 
numbers of plasma or serum samples. During the last 25 years, antibody and antigen assays have 
been developed that permit automation of corresponding laboratory procedures and allow for 
high throughput sample processing.

However, certain applications, like screening of blood donated for transfusion, require rapid and 
advanced diagnostic techniques to detect pathogens at extremely low viral concentrations 
during the window period in early stages of infection, in intermediate periods of chronic persistent 
infections, or low-dose subclinical infections.

Screening of individual blood donations by amplifi cation-based nucleic acid testing would provide 
the state-of-the-art diagnostic precision to further reduce the risk of transmission of blood-borne 
pathogens. Although these assays can be run in 96-well reaction plates, large scale nucleic acid 
testing is held back, mainly because nucleic acid purifi cation procedures are labor-intensive, time-
consuming, complicated, inconsistent and expensive.

Fundamental to nucleic acid detection assays is an eff ective and consistent preparation of pure 
viral RNA and DNA. Many protocols, ranging from silica-gel based membrane columns to organic 
extractions, are complex, limited in their application and diffi  cult to automate. Our study aimed 
at establishing a simple, effi  cient and reliable method for purifying multiple viral genomes from 
plasma, serum and other types of clinical specimens. It was our interest to make high laboratory 
throughput for single blood units practical.

Materials and Methods

Specimens
The New York Blood Center provided HBV-infected plasma (# 930224) and plasma from a 
chronically HCV-infected blood donor (donor # 235). HIV stock was a cell-free supernatant from 
an HIV-infected human peripheral blood lymphocyte culture.

Normal human plasma, pre-tested for blood-borne pathogens, was used for serial dilutions of 
positive samples.

Sample preparation and extraction
Aliquots of samples were pipetted at various volumes into 96 well 2.2 ml storage plates (ABgene, 
Surrey, KT, UK). Plasma volumes used for direct extraction ranged from 150 to 450 μl.
The extraction procedure was a semi-automated method using Tecan Genesis RSP 150 and 
Genesis Workstation 200. Plasma volumes at 150 uL, 300uL and 450 uL were processed as follows. 
Twenty, 40 and 60 µL of Proteinase K (Qiagen) were added to 150 uL, 300uL and 450 uL plasma, 
and 200, 400 and 600 µL AL lysis buff er (Qiagen) were mixed in a 2 mL deep well plate (Marsh).  
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The plate was tightly sealed with an adhesive cover and incubated in a shaking water bath for 25 
min at 58oC. Following the incubation, 200, 400 600 µL ethanol was mixed with the lysate. 630 
µL of the mixed lysate was transferred into wells of an 800 uL 96-well glass fi ber fi lter plate (GF/F 
Whatman, Clifton, New Jersey) and fi ltered at 600 mbar for 4 minutes. The remaining lysate for 
samples with plasma volume 400 and 600uL was transferred into the wells of the glass fi ber fi lter 
plate and fi ltered at 600 mbar for 5 minutes.  This is step was repeated for samples with plasma 
volume at 600 uL.
570 µL of wash buff er (AW2, Qiagen) was transferred into the wells of the glass fi ber fi lter plate 
and fi ltered at 600 mbar for 45 seconds.  A second aliquot of wash buff er (570 µL AW2, Qiagen) 
for sample with plasma volume at 400 and 600 uL was applied to the wells of the glass fi ber fi lter 
plate and fi ltered at 600 mbar for 30 seconds. A third aliquot of wash buff er (570 µL AW2, Qiagen) 
for sample with plasma volume at 600 uL was applied to the wells of the glass fi ber fi lter plate and 
fi ltered at 600 mbar for 30 seconds.

Droplets from the glass fi ber fi lter plate tip directors were removed using clean paper towels.  The 
plate was vacuum dried for 10 minutes at 600 mbar, and for an additional 10 minutes of air-drying 
at room temperature.

To elute the nucleic acids, 65 µL of nuclease-free H
2
O containing 0.05 % Tween 20 was transferred 

into the fi lter plate wells, incubated for 2 minutes at room temperature, then vacuum fi ltered at 
500 mbar. 

Genome amplifi cation and detection
Nucleic acid amplifi cation and detection were achieved following in-house PCR reaction and 
cycle conditions as described (11).

Molecular beacon technology (17) was employed to detect and quantify PCR amplicons. Primers 
and molecular beacons were designed for detecting all common strains of HCV and HIV (L. Andrus, 
Lindsley F. Kimball Research Institute, New York Blood Center, NY, unpublished). The targets for the 
primers were located in the 5’-UTR untranslated region of HCV, the gag- and pol-gene of HIV, and 
genes encoding surface antigen for HBV.

Light emission was monitored during every thermal cycle at the annealing step. The Sequence 
Detection v 1.6.3 software program (PE-Biosystems, Foster City, CA), determined the copy number 
of the target template by analyzing cycle-to-cycle change in fl uorescence signal as a result of 
the amplifi cation of template during PCR, and by comparing unknowns to a curve generated 
from serially diluted known synthetic RNA or plasmid DNA standard samples. All standards were 
calibrated with EUROHEP panels (CLB, Netherlands) for determination of copy numbers
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Results

Design of the assay
The extraction method is based on chemical liberation and mechanical separation of viral 
genomes from proteins, lipids and other coexisting components. Release of both, viral RNA and 
DNA, from the protecting capsid and envelope was achieved by using an SDS containing lysis 
buff er in combination with proteinase K. Stability of RNA in SDS lysis buff er was evaluated and 
found to be comparable with guanidine thiocyanate (data not shown). Nucleic acid capture, 
washing and elution were achieved by vacuum fi ltration through glass fi ber membranes. The 
benefi cial eff ect of Tween 20 in the elution buff er is shown in Figure 1.

Manual extraction, using the 96-well format of the lysis and fi ltration plate, requires 2 hr 10 min, 
including 45 min incubation times for lysis and drying. We integrated the GF/F method into 
Tecan Robotic Sample Processors, which eliminate manual pipetting and possible technician 
errors, reduce workload and allow concurrent processing of several plates. For our equipment, we 
estimated a daily capacity of 1600 to 2000 determinations within 14-15 hr.

Effi  ciency and precision of nucleic acid recovery
Recovery of RNA and DNA, respectively, extracted and purifi ed from plasma by the 96-well glass 
fi ber fi ltration (GF/F) method was compared with the Qiagen single column technique. Serial 10-
fold dilutions from HBV-, HCV- and HIV-positive samples were prepared in normal human plasma, 
and their extracts were subsequently analyzed by PCR / RT-PCR under identical conditions.

Figure 1. Eff ect of various concentrations of Tween 20 in elution water.

GF/F purifi ed HCV RNA was eluted with 100 μl RNase free water containing 0 – 0.25 % Tween 20. RNA yield was 

compared to results obtained with Qiagen extracted RNA eluted in 50 μl water. Error bars represent the standard 

deviations calculated from 8 replicates.
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The recovery of viral genomes extracted from 150 μl plasma by the GF/F method was slightly 
higher (1.96 +/- 0.29) for HCV and HBV compared to the 140 μl extraction with QiaAmp columns 
and about the same for HIV. These results were obtained in all dilutions for all viruses tested. Within 
the tested range of virus concentrations, a 10-fold sample dilution resulted in a 10-fold lower yield 
of extracted genome quantity (Table 1) for both, the Qiagen method and the GF/F procedure.

Fig 2 shows for HBV, as an example, the proportional and linear dose-response curve after extracting 
single- and multi-pathogen preparations by the GF/F method. Similar results have been obtained 
for HCV and HIV. Pooled infected plasma was prepared containing HBV-, HCV- and HIV-positive 
samples. After one sole GF/F extraction process, the yield of viral genomes was determined for 
each pathogen, and was found to be identical to the results obtained after extracting samples 
that contained a single pathogen only.
It is concluded that the glass fi ber fi ltration (GF/F) technique is quantitatively precise for extracting 
multiple pathogens from plasma and that the method is at least as effi  cient as the Qiagen 
reference method.

High sample volume extraction
The standard sample extraction volume of the GF/F protocol was 150 μl. To further increase 
sensitivity, we modifi ed the basic GF/F version in order to allow processing of higher sample 
volumes (Table 1). The results (Fig 3) show that double and triple plasma volumes boost the 
detected quantity of viral genomes 3.28 and 4.22 times, respectively, when compared to the 
reference method. The calculated viral quantity per ml plasma was similar for all GF/F extraction 
volumes, but slightly less when using 450 μl plasma. This indicates that the extraction effi  ciency 
of the GF/F procedure does not decrease when higher sample volumes are used.

Figure 2. Quantitative precision and effi  ciency of the GF/F method when extracting HBV genomes from single- 

and multi-pathogen preparations.

Multiple infected plasma (HBV, HCV and HIV) and single infected plasma (HBV) were extracted by the GF/F method 

at diff erent dilutions in normal human plasma. Viral yield was determined and compared to Qiagen single HBV 

extraction (n=8).
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Table 1.  Comparison of plasma viral load, determined by using the GF/F protocol versus Qiagen kits.

    Viral load (Log
10

 Copies/ml) 

 Dilution1 (10x) n GF/F2 Qiagen column3 G/Q 

HBV -3 8 6.82±0.114 6.57±0.11 1.75 

 -4 8 5.94±0.04 5.51±0.11  2.64 

 -5 8 4.87±0.08 4.58±0.12 1.97 

HCV† -1 8 5.47±0.12 5.20±0.17 1.88 

 -2 8 4.49±0.16 4.20±0.17 1.94 

 -3 8 3.38±0.19 3.11±0.13 1.85 

HIV‡ -2 8 7.55±0.09 7.56±0.06¶   0.98   

 3 8 6.58±0.08 6.52±0.04¶ 1.15   

 -4 8 5.56±0.09 5.77±0.18¶ 0.62 

1   Dilutions of positive samples in normal human plasma. The series of 10-fold dilutions for each virus was 

selected to cover a range of 103 and 108 copies/ml.
2   150 μl plasma were extracted by proteinase K / SDS lysis and fi ltration through Whatman 96-well glass-fi ber-

fi lter plates (n = 8).
3   140 μl plasma were extracted using the QiaAmp RNA kit. 200 μl plasma were applied for the QiaAmp DNA kit 

(n = 8).
4   The genome quantity was determined by quantitative real time PCR and expressed in log

10
 copies/ml ± SD.

5   GF/F results were divided by the results obtained with Qiagen extraction kits to determine the relative 

extraction effi  ciency of the glass fi ber method compared to the reference method.

Figure 3.  Eff ect of plasma volume on GF/F extraction results.

150 μl, 300 μl and 450 μl HCV-infected plasma were extracted following optimized GF/F protocols. The recovered 

RNA quantities were compared to results obtained with Qiagen (140 μl extracted plasma). The plasma volumes used 

for the GF/F procedure equal a multiple of 1.07, 2.14 and 3.21 of the plasma volume used for the Qiagen method. 

The corresponding PCR results are 2.01 (for 150 μl), 3.28 (for 300 μl) and 4.22 (for 450 μl) times higher than the data 

obtained with Qiagen. Values represent average of 8 replicates each.
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Reproducibility
Repeatability of these quantitative test results has been evaluated for intra-assay and inter-
assay variation. Table 2 shows, for HCV as an example, coeffi  cients of variation calculated for PCR 
results obtained after GF/F and Qiagen extraction. While intra-assay variations are similar for both 
procedures, the inter-assay PCR results were considerably less consistent for the Qiagen method. 
Nucleic acid recovery after manual, as well as automated extraction, proved to be consistent and 
reliable.

Discussion
The shortcomings of pool testing for screening of blood donations has been previously evaluated 
(12), and frequently discussed. FDA encourages the testing of single blood units, but thus far, 
this has not been possible due to the lack of methodology permitting reliable, complete and 
fast preparation of RNA and DNA at reasonable costs. The purpose of this study was to develop 
a procedure that could meet three major requirements for large scale NAT screening: (1) 
simultaneous RNA and DNA extraction, (2) maximal yield of viral genomes for high analytical 
sensitivity, and (3) high throughput sample processing.

We designed a simple and fast extraction procedure using a 96-well platform and a uniform protocol 
for RNA and DNA purifi cation. Viral genomes were simultaneously extracted from infected plasma 
containing multiple pathogens without loss of effi  ciency. Viral yield after purifi cation was consistent 
from test to test and effi  ciency was on average 1.64 times higher than our reference method. The 
Qiagen extraction kits have been previously evaluated and nucleic acid recoveries of 51-86 % have 
been determined (10). These data seem to rule out a 60-70 % increase of purifi cation effi  ciency. 
However, synthetic H3-labeled nucleic acids were used and thus might not suffi  ciently refl ect the 
eff ectiveness of the lysis before fi ltration and the biological integrity of nucleic acids after purifi cation. 
A series of specifi cations in our protocol could explain the augmented PCR results: increased amount 
of lysis buff er, extended heat digestion, reduced concentration of ethanol for precipitation, use of a 
0.7 μm glass fi ber membrane as solid phase, and elution with 0.05 % Tween 20.

Furthermore, the procedure proved to be fl exible concerning the volume of the extracted sample. 
Given that sensitivity of a nucleic acid assay largely depends on the number of genome copies 

Table 2.  Intra- and inter-assay variation determined for HCV PCR results obtained after GF/F extraction and 

Qiagen extraction.

Coeffi  cient of Variation (1)

Extraction Intra-assay Inter-assay

GF/F method 0.02 0.02

Qiagen method 0.02 0.05

(1 )  Coeffi  cient of variation was calculated for a set of 8 values each. Tests were performed by 4 diff erent technicians 

at diff erent times using aliquots of the same HCV infected plasma (#235, diluted 1/100 in normal human plasma).
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per reaction, we increased the sample volume up to 300 % (450 μl) plasma per extraction. The 
yield of viral genomes was correspondingly amplifi ed without signifi cant reduction of extraction 
effi  ciency.
According to the manufacturer’s designation, the glass fi ber fi lter is recommended for purifi cation 
of plasmid DNA. Several authors described the eff ectiveness for isolating bacterial DNA (3,9,15). 
Gribanov et al (8) used glass fi ber fi lters for viral RNA extraction in combination with guanidine 
thiocyanate. However, this lysis buff er is not suitable for multiplex extraction of viruses including 
HBV, as the HBV DNA associated protein must be removed by a proteinase for optimal sensitivity. 
As we have shown with our data, the GF/F plates were found to be very eff ective for reversibly 
adsorbing both RNA and DNA.

The combination of proteinase K and SDS is known as a powerful medium to liberate DNA 
from cells, nuclei, viral capsids and covalently bound proteins in a variety of clinical specimens. 
While guanidine thiocyanate is the commonly used agent for RNA liberation, our studies proved 
effi  cient release and suffi  cient stability of viral RNA under our PK/SDS-lysis conditions. Also, we 
observed that the guanidine thiocyanate of the Qiagen lysis buff er is responsible for the relatively 
high run-to-run variation, while the proteinase K / SDS lysis system proved to be robust and more 
reproducible. Similarly, Goodwin et al, (7) reported that an SDS / citric acid extraction method is 
superior to guanidine thiocyanate in terms of reproducibility of RNA recovery from sperm (7).

Minute quantities of SDS, however, strongly inhibit the Taq polymerase activity of the PCR assay 
(5). Goldberger et al. described the SDS-“neutralizing” eff ect of nonionic detergents such as Tween 
20 and its positive infl uence on amplifi cation effi  ciency (6). To confi rm these fi ndings, we added 
Tween 20 to the elution water after lysis with proteinase K / SDS and, respectively, guanidine 
thiocyanate. Tween had a positive eff ect on PCR results only when using the proteinase K / SDS 
lysis procedure. Using a detergent for elution was also helpful for avoiding retention of drops on 
the dripping guides of the fi ltration plate, thus reducing risk of contamination and variation of 
test results.

Simultaneous and automated extractions of blood borne pathogens have been previously 
described (2,10,13,14,16) but none of those methods could break through the technical barriers 
of single unit large scale NAT screening. We believe that the GF/F extraction procedure is highly 
suitable for single unit high throughput blood screening.
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Abstract

The epidemiological situation of West Nile Virus infections in North America makes blood testing 
and surveillance of viral activity essential. The biological characteristics of the virus demand highly 
sensitive nucleic acid based assays and high throughput sample processing. We developed a 
virus concentration procedure using PEG 8000 at 3%, which allows testing sample volumes of up 
to 2.0 ml. RNA extraction with the SDS/proteinase K lysis system and RNA purifi cation on glass-
fi ber fi lter-membranes was highly effi  cient for the PEG-plasma precipitate. The increased sample 
volume and the PEG mediated concentration of viral components enhanced the sensitivity of 
NAT assays by a factor of 10. In combination with the previously developed high volume RT-PCR, 
as little as 1.6 genome equivalents per milliliter could be detected. The simplicity of the procedure 
and the 96-well platform at all 
working steps allow automation of extraction and PCR set-up. Thus, the method is well suited for 
single-unit blood screening and other high throughput applications.
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Introduction

Surveillance procedures for disease control and prevention mainly diff er in two aspects from 
diagnostics applied for clinical purposes, i.e. testing of large numbers of mostly healthy individuals 
and detection of pathogens even at extremely low concentrations of antigens and antibodies. 
These two basic conditions require technology which allows high throughput sample processing  
at maximal sensitivity.

West Nile Virus (WNV) recently gained particular interest of the public health sector when the 
rate of meningoencephalitis sharply increased and human WNV infections rapidly spread in the 
USA and Canada. In 2003 CDC reported 9862 clinical cases in the U.S. including 2866 cases of 
meningoencephalitis and 264 deaths. Pealer et al reported that at least 21 cases were probably 
transmitted by transfusion in 2002 (11). 

In most people, infections with WNV are asymptomatic or result in mild fl u-like symptoms and 
cutaneous rash. Development of severe CNS disease depends on the viral strain, the immune 
response and coexisting conditions. Neurological presentations were observed in less than one 
percent of the infected persons. However, the strains, which are presently spreading in North 
America, are reported to be more pathogenic than those identifi ed in previous outbreaks (14).

Mammals are considered as dead-end hosts in an enzootic environment. Duration and intensity 
of viremia is uncertain. During acute infections the highest level of viremia found in humans was 
103-105 genome equivalents/ml (14). Of course, any lower quantity of virus is possible until viral 
clearance and recovery are completed. In 2002 estimated viremia levels in implicated donations 
were 0.8-75 pfu/ml, though only 0.06- 0.5 pfu/ml in 2003 (11).   The duration of viremia is even more 
uncertain, but is considered to be usually less than 2 weeks in immunocompetent individuals. The 
minimum amount of virus required to establish infection is unknown. Yet, it is apparent that WNV 
can be transmitted from person to person by transfusion and transplantation (3,14). 

The demonstration that WNV can be transmitted by transfusion led to the introduction of PCR 
based screening of pools of 6-16 donations using test kits from 2 U.S. manufacturers under IND 
from FDA. Between June and December 2003 approximately 6 million units were screened and 
818 viremic units were identifi ed (2). It was suspected that pool testing might underestimate 
the number of infectious blood units. This suspicion was confi rmed by the report that a case of 
transfusion transmitted WNV infection occurred in a recipient of blood found negative on pool 
testing but positive in individual NAT testing of the donated units (9). Thus extremely sensitive 
assays, which allow high throughput processing of samples, will play a crucial role in achieving 
optimal blood safety.

Various nucleic acid based assays for detection of WNV have been recently developed and 
evaluated for these purposes (4,5,10,16). The sensitivity of NAT assays has substantially increased 
during the last decade and now reaches its limit at the sample volumes processed for testing. 
The feasibility of large scale testing is still hampered by the complexity especially of nucleic acid 
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extraction procedures and the costs for performing these tests. Thus, at this time, NAT for blood 
screening is still mainly applied for pooled samples only.

On the basis of an automatable universal extraction procedure for high throughput analysis of 
plasma samples (6,12), we developed an ultra sensitive automated screening assay for detection 
of WNV in large volume plasma samples.

Materials and Methods

Specimens
West Nile Virus (strain Hawaii) was obtained from the New York State Department of Health and 
cultured in Vero cells. Quantity of infective viral particles was determined by conventional plaque 
assay (1). The amount of viral genome equivalents was ascertained by quantitative RT-PCR (6,12) 
using a WNV RNA qualifi cation panel, QWN702 (BBI Diagnostics, West Bridgewater, MA) as a 
standard for quantitiation. Normal human plasma, pre-tested for blood borne pathogens, was 
used for serial dilutions of spiked samples.

Sample preparation and extraction
Aliquots of samples were pipetted into 96 well 2.2 ml storage plates (ABgene, Surrey, KT, UK) and 
mixed with various amounts of a 37% PEG 8000 stock solution. The total volume of the plasma-
PEG preparation was 2.0 ml per extraction. After mixing PEG with the sample, a contact time 
of 10-30 min at RT was allowed before spinning at 1500 g for 3 minutes. The volume was then 
reduced to 200 μl by discarding 1.8 ml of the supernatant and saving the visible pellet including 
some remaining fl uid (10 x volume reduction). 

40 μl proteinase K (Qiagen, Chatsworth, CA) and 270 μl AL lysis buff er (Qiagen, Chatsworth, CA) 
were added and mixed. Plates were then incubated in a water bath for heat digestion at 58°C for 
25 minutes. Thereafter, 270 μl absolute ethanol were gently mixed with the lysate. The extraction 
preparation of a total volume of 780 μl was transferred onto a 0.7 μm glass-fi ber-fi lter plate (GF/F, 
Whatman, Clifton, NJ) and fi ltered at -450 mm Hg. The loaded fi lter plate was washed once with 
600 μl AW2 washing buff er (Qiagen, Chatsworth, CA) at the same vacuum setting. After washing, 
a vacuum of -350 mm Hg was applied to the fi lter plate for 10 min to remove residual washing 
solution. Subsequently, the plate was kept at room temperature for 10 min with no vacuum to 
allow fi nal air-drying. Purifi ed nucleic acids were eluted into U-bottom 96-well plates by -350 mm 
Hg vacuum fi ltration of 100 μl nuclease free water containing 0.05 % Tween 20. Alternatively, 
elution was performed with 75 μl Tween-water fi ltrated directly into MicroAmp optical 96-well 
reaction plates (PE Applied Biosystems, Foster City, CA)

Pipetting and fi ltration was done either manually or automated by means of a Genesis RSP 150 
and Genesis Workstation 200 (Tecan, Research Triangle Park, NC).
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Amplifi cation and detection

Reverse Trnascription 
The reverse transcription (RT) reaction was carried out in an 80 µL volume containing 50 µL 
purifi ed nucleic acid, 16 U RNAse Inhibitor (RNasin, Promega, Madison, WI), 50 mM Tris-HCl 
(PH8.3), 75 mM KCl, 5 mM DTT, 3 mM MgCl

2
, 0.25 mM each of dNTP , 1.25 µM WNV reverse 

primer (5’-GCTCTTGCCGGGCCCTCCTG-3’, 20mer, positions 110-129) and 80 units M-MLV reverse 
transcriptase (Gibco BRL, Rockville, MD).  The reaction was run at 42°C for 45 minutes, followed by 
90°C for 2 minutes. 

PCR Amplifi cation using  Universal Molecular Beacon technology
A modifi ed version of molecular beacon technology (Tyagi and Kramer, 1996), termed the Universal 
Beacon method (L. Andrus, unpublished) was employed to reveal PCR amplicons. In this method, 
forward and reverse primers are aligned “nose-to-nose” on the target sequence and the molecular 
beacon probe is designed to hybridize asymmetrically across the junction of the 2 primers.  
This permits the detection of variant sequences since primers, but not probes, are capable of 
hybridizing to target sequences in the presence of nucleotide mismatches. For detection of WNV, 
primers and probes were targeted to a 47 b.p. sequence spanning the 5’- untranslated region and 
the nucleocapsid start-site of the WNV genome.  
At the end of the RT reaction, 40 µL PCR mix was added to each of the cDNA reaction wells. 
The total of 120 µL reaction mixture contained 33.3 mM Tris-HCl (PH8.3), 50 mM KCl, 3.33 mM DTT, 
2.63 mM MgCl

2
, 0.17 mM dNTP, 830 nM WNV reverse primer ((5’-GCTCTTGCCGGGCCCTCCTG-3’, 

20mer, positions 110-129)), 83 nM WNV forward primer (5’-GCACGAAGATCTCGATGTCTAAGAAAC-3’, 
27mer, positions 83-109), 120 nM WNV probe (5’ 6-FAM-cgcacgATCTCGATGTCTAAGAAACCcgtgcg-
DABCYL-3’, probe region is in upper case and stem nucleotides are in lower case), and 2.5 units of 
AmpliTaq gold DNA polymerase (Perkin-Elmer).  The reaction was run at 95°C for 10 minutes to 
activate AmpliTaq gold, and subsequently subjected to 45 cycles at 95°C for 30 seconds, at 58°C for 
30 seconds, and 72°C for 30 seconds on a thermal cycler (ABI 2700, PE-Biosystems, Foster city, CA).

Detection: Fluorescence reading and calculations
 A spectrofl uorometric thermal cycler (ABI PRISM 7900HT, ABI, Foster city, CA) was used for end-
point detection at the end of 45 PCR cycles.  WNV signal is detected with a FAM labeled probe, 
which is read at 522 nm.     Test runs are considered valid if both negative and positive control 
values fall within predetermined ranges. The WNV reactive cutoff  is calculated from the mean FAM 
RFU of the negative controls + 5 SD (N=4).

 
Results

Design of the assay
In order to maximize sensitivity, we created an assay which allows processing of plasma sample 
volumes of up to 2000 μl. Various amounts of PEG 8000 were added to the plasma to concentrate 
virus or viral components. For sedimentation of the PEG-plasma precipitate we chose conditions 
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which produce loosely formed pellets of constant size which could easily be re-suspended in lysis 
buff er. After pelleting the precipitate, we reduced the volume to 200 μl and processed the sample 
following an automated universal extraction procedure (6,12). SDS/proteinase K lysis, ethanol 
precipitation, fi ltration, washing and elution were adapted and optimized for extraction of nucleic 
acid from PEG-plasma sediment.

Based on data, which demonstrate that a 5-fold increase of the PCR sample volume results in a 
more than 5-fold raise of sensitivity (L. Andrus, unpublished) the elution was performed with 100 
μl or 75 μl Tween-water, respectively, to maximize yield of purifi ed RNA. 50 μl of extracted nucleic 
acids were utilized in the PCR reaction.

We used real-time PCR technology for optimizing the assay. Qualitative post-amplifi cation analysis 
is, however, to be preferred for a routine screening procedure because the space-consuming 
standards of the quantitative PCR can be omitted and cycling can be performed in multiple small 
thermocyclers to increase throughput.

Eff ect of PEG on nucleic acid recovery
PEG 8000 was found to be an eff ective concentration method to enhance detection of WNV 
in human plasma samples. Fig. 1 demonstrates that the highest amounts of viral RNA were 
determined in samples concentrated with 3 % PEG 8000. Increasing quantities of PEG above 3% 
diminished the total of RNA detectable in the PEG-plasma sediment and supernatant.

After optimization, a 10-fold increase of detectable RNA molecules was determined when 
concentrating and reducing the sample volume to 1/10 of the original PEG-plasma volume (Fig. 2).

Fig 1. Eff ect of PEG on virus detection.  Normal human plasma was spiked with 104.5 WNV genome equivalents 

(GE) per mililiter. PEG 8000 was added at various concentrations. 2.0 ml of PEG-plasma were mixed and centrifuged. 

200 µl of each, precipitate and supernatant, were submitted to extraction and quantitative RT-PCR
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In preliminary experiments (data not shown), PEG produced the same concentration eff ect on 
HBV DNA when applied on HBV positive samples.

WNV detection limit
To evaluate the lower limit of detection we performed end-point titrations of plasma samples 
spiked with cultivated WNV. Quantity of RNA molecules and infective virions of the WNV 
preparation had previously been determined by quantitative PCR in comparison to the BBI panels 
and by plaque assay respectively. The quantity of viral genomes of our stock virus preparation was 
found to be 740 to 1500 times higher then the number of plaque forming viral particles.

Based on those data, the high volume PCR detected, in at least 75 % of samples, 1.6 GE/ml or 
0.0016 pfu/ml in samples extracted after PEG concentration. In comparison, 25 GE/ml or 0.03 
pfu/ml were detected in corresponding samples without concentration.

Fig 2.  Eff ect of PEG on virus detection.  200 µl of non-concentrated and PEG concentrated plasma were extracted 

and subjected to PCR. Compared to 0 % PEG, approximately 10 times more RNA could be detected at 3 % PEG

Table 1.  Detection limit of  RT-PCR assay using non-concentrated and PEG concentrated plasma infected with WNV.

Number of positives1 per 4 replicates

WNV Copies/mL 100 50 25 12.5 6.3 3.2 1.6 0.8 0

Neat 4 4 3 1 0 0 0 0 0

Concentrated 4 4 4 4 4 3 4 0 0

1The PCR amplifi cation products were detected and measured post-run as relative light units (RLU). 16 negative 

samples were used for the baseline calculation. A reaction was considered positive when fl uorescent light emission 

exceeded average negative RLU + 5 standard deviations.
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Discussion

There is clearly a need to screen blood for the presence of West Nile virus. In humans, WNV infections 
produce a low degree of viremia only, which makes an early diagnosis diffi  cult. Currently, nucleic 
acid based assays appear to be the most sensitive diagnostic approach. Nucleic acid sequence 
based amplifi cation (NASBA) assays, TaqMan assays, and standard RT-PCRs have been developed 
for WNV diagnosis and screening applications. Other sensitive techniques like RT-nested PCR were 
described for WNV but found less promising for large scale testing applications (17).

The NASBA molecular beacon assay and the TaqMan assay detect 0.1 pfu (Lanciotti, 2001) per 
reaction or 40-100 RNA copies (16). The NASBA electrochemiluminescence assay turns positive at 
the presence of 0.01 pfu (5). A similar 10-fold increase of sensitivity was reported for this technique 
when evaluating RNA quantities (16). Several RT-PCRs have been developed with sensitivities from 
equal to ten-fold below the TaqMan assay, i.e. 1.0 pfu per reaction (5,16). The extracted sample 
volume for these assays was 100 - 140 μl (16).
At present, commonly used nucleic acid extraction methods usually process a relatively small 
volume, mostly between 100 and 250 µl. To overcome this limitation it is necessary to concentrate 
the virus from a larger sample volume. Concentration procedures like gel chromatography, 
ultracentrifugation and ultrafi ltration are not practicable for large scale screening assays and 
for automation. To the authors’ knowledge, PEG mediated precipitation of virions and viral 
components was rarely employed for subsequent nucleic acid testing. However, enteric viruses 
were concentrated with PEG 6000 and PEG 8000 at 7.5-15 % in large volume water samples (7,15,19). 
Those applications aimed at the concentration of intact virions for cell culture, immunoaffi  nity 
capture and genomic amplifi cation. Prince,et al described the purifi cation of hepatitis B surface 
antigen for vaccine production with PEG 6000 at 4 % and 3% (13).

In our experiments, three percent PEG 8000 in 2 ml plasma precipitated virions and viral 
components suffi  ciently to allow a 10-fold reduction of the initial sample volume and an almost 
10-fold increase of sensitivity. Higher PEG concentrations reduced the extraction effi  ciency 
considerably, probably due to accumulating inhibitory small plasma proteins in the sediment.

1.6 GE/ml were detected by the “large volume” PCR technology when extracting RNA from 2 ml 
plasma. One plaque-forming unit of our WNV preparation corresponded to 740 – 1500 viral RNA 
molecules. A similar range of 400 – 1000 GE per plaque forming unit was reported with the assays 
cited above (5,16). Thus, with respect to the infectivity of our stock virus preparation, the detection 
limit for viable WNV of the present assay is approximately 0.001 – 0.004 pfu per ml or 1-4 pfu/liter, 
respectively.

The FDA is encouraging the testing of single blood donations, but none of the currently licensed 
methods is suitable for large-scale single unit NAT screening. We believe that the assay presented 
here could enhance blood safety and facilitate surveillance programs for WNV and possibly other 
blood-borne viruses.
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ABSTRACT

We have developed an economical high throughput nucleic acid amplifi cation testing (NAT) assay 
for blood borne viruses, suitable for use in screening of plasma samples from individual blood 
donors. This assay system includes a semi-automated procedure, using 96 well glass fi ber plates 
for the extraction of viral nucleic acids from plasma, and a “Universal Beacon” technology which 
permits detection of all genotypes of highly variable viruses (e.g. HIV and HCV).  In this detection 
system two fl uorescent detection technologies were employed successfully in a single tube: 
Molecular Beacon for West Nile virus (WNV) detection using a FAM fl ourophore, and Taqman for 
Internal control (IC) detection using a VIC fl ourophore.  To establish proof of concept, we focused 
on the development of a robust, individual donor NAT (ID NAT) for WNV.  The assay showed no 
reactivity to 15 other viruses tested, and to 420 blood donor samples from the WNV pre-epidemic 
season.  No cross contamination was observed on an alternating positive/negative well test. The 
sensitivity (LOD 95%) of the assay for WNV is between 3.79 and 16.3 RNA copies/mL depending on 
which material was used as a standard.  The assay detected all positive blood donation samples 
identifi ed by the Roche WNV NAT assay.  The assay can be performed qualititatively for screening, 
and quantitatively for confi rmation.  
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INTRODUCTION

West Nile virus (WNV) is a member of the genus Flavivirus and is part of the Japanese encephalitis 
virus family. WNV was fi rst isolated in Uganda in 1937 and has since been found in Europe, Africa, 
Asia and North America. WNV is an arthropod-borne virus which cycles between mosquitoes 
and vertebrate hosts. The primary vertebrate hosts for WNV are birds (e.g. crows, ravens, jays 
etc.). These hosts may harbor very high titers of the virus. Transmission of the virus to other 
vertebrate hosts (e.g. humans, horses) occurs following mosquito bites. The viral titer in infected 
immunocompetent humans appears to be quite low relative to birds, and the viremic phase of 
infection appears to be of short duration (1-2 weeks)(14)

There have been several recent epidemics of WNV, notably in Israel, Romania and Russia in the 
1990's (14) and in the United States in 1999 – 2004(1, 13, 15).  In 2003, the Centers for Disease 
Control and Prevention (CDC) reported 9,862 clinical cases from 46 states, including 2,866 cases 
of meningoencephalitis and 264 deaths(6). Most signifi cantly, the theoretical risk of transfusion-
transmitted WNV infection was confi rmed (1). Pealer et al reported at least 21 cases of WNV 
infection thought to be transmitted by transfusion (13). In addition, cases of transmission via 
organ donation (7) and through breast milk (4)  were reported. 
NAT for WNV RNA in donated blood was implemented in June/July 2003 under an Investigational 
New Drug (IND) exemption issued by FDA to two US manufacturers. Testing is performed on 
pools of 6 or 16 samples depending on the vendor of the test kit. The test algorithm is such 
that samples in a WNV RNA positive pool are then tested individually, and the implicated sample 
identifi ed. To confi rm the presence of WNV RNA, an alternative sample (e.g. from the plasma unit) 
is also tested. Donors who are found to be positive are invited to enroll in follow-up studies in 
which the persistence of WNV RNA is tracked. Testing for the appearance of anti-WNV IgM is also 
performed. Donors who are positive for WNV-RNA are deferred from donation until 28-56 days 
following the last NAT reactive sample; products from these donors are discarded. 

The results of testing of blood donors in 2003 and 2004 have recently been reported (2, 3, 15). 
Approximately 6 million donations were tested from June-December 2003. The presence of WNV 
RNA was confi rmed in 818 blood donors nationally. The distribution of cases in blood donors 
followed the national pattern with the vast majority of cases in blood donors occurring in the 
Midwest, West and Southwest. In 2003, 23 cases of WNV due to transfusion were reported to CDC 
(5). 

Of specifi c relevance to our technology, several testing centers in regions that were considered 
high-incidence for WNV switched from pool testing to individual donor testing in 2003. The 
assumption was that individual testing would be more sensitive than pool testing.  This is 
supported by a recent report of a case of transfusion transmitted WNV infection in which the 6 
member donor pool tested negative, while individual donor testing revealed an infected unit(11). 
The improved sensitivity of single unit testing has been further confi rmed by two recent reports.  
Stramer et al observed that of 540 WNV RNA positive donations 148 (27%) were detected  only by 
single unit testing (15). Similarly, Busch et al reported that in 2003 34%  of all viremic units detected 
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were detected only by single unit testing (2).  These reports are consistent with the observation 
that the levels of viremia in aff ected individuals are very low. An unexplained observation is that 
the levels of viremia in aff ected individuals in 2003 (0.06-0.5 pfu/mL) were lower than in those 
individuals identifi ed in 2002 (0.87-75 pfu/mL)(13). The limitation in the conversion from pool 
testing to individual donation NAT is on the availability of reagents, technology and cost. 

With these considerations in mind, it is clear that highly sensitive assays will be required to 
eff ectively detect the low levels of virus present in aff ected individuals. FDA has recommended 
that assays for the detection of WNV have a minimum analytical sensitivity of 1000 RNA copies/mL 
in a pool test.  Current pool testing methods meet this requirement but, as noted above, sensitivity 
estimates show that some samples escape detection. The enhanced sensitivity of ID NAT may 
be required to achieve this goal.  Here we describe such a sensitive NAT screening system that 
uses semi- automated extraction from 400 µL of single donor plasma, and uses a highly specifi c 
Universal Beacon probe.

MATERIALS AND METHODS

Positive Control Reagents
WNV tissue culture supernatant, provided by Dr. Laura Kramer (New York State Department of 
Health, Albany, NY), was inactivated by heating at 60oC for 1 hour, diluted in negative human 
plasma, and quantitated by RT-PCR assay using a panel of samples containing a stated amount of 
WNV RNA (WNV Panel  QWN 701, Lot # 104874, Boston Biomedica, Inc. (BBI), Boston, MA). Positive 
control samples were adjusted to contain 60 and 300 RNA copies/mL, rapidly frozen, and stored 
as single use aliquots at –80oC or below. Aliquots are thawed by shaking in a 37o C water bath on 
the day of use. 

Internal Control Reagents
Dengue (Hawaii strain) culture supernatant, also provided by Dr. Laura Kramer, was inactivated 
by heating at 60oC for 1 hour, diluted to 107 pfu/mL in 10% negative human plasma/PBS and 
aliquoted in amounts suffi  cient for single plate reactions. Aliquots were rapidly frozen and stored 
at –80oC or below, and thawed by shaking in 37oC water bath on the day of use. 

Extraction and Purifi cation of Nucleic Acid 
The extraction procedure was a semi-automated method using Tecan Genesis RSP 150 and 
Genesis Workstation 200.  In each run two WNV positive plasma controls at 60 and 300 copies/well, 
six WNV negative plasma controls, and 8 internal control negatives were included.  For internal 
control positives, heat-inactivated Dengue virus at 8000 pfu/mL was mixed into lysis buff er.
Fifty µL of Proteinase K (Qiagen), 400 µL plasma sample, and 530 µL AL lysis buff er (Qiagen) were 
mixed in a 2 mL deep well plate (Marsh).  The plate was tightly sealed with an adhesive cover and 
incubated in a shaking water bath for 25 min at 58oC. Following the incubation, 530 µl ethanol 
was mixed with the lysate. 
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630 µL of the mixed lysate was transferred into wells of an 800 uL 96-well glass fi ber fi lter plate 
(GF/F Whatman, Clifton, New Jersey) and fi ltered at 600 mbar for 4 minutes. The remaining lysate 
was transferred into the wells of the glass fi ber fi lter plate and fi ltered at 600 mbar for 5 minutes.

680 µL of wash buff er (AW2, Qiagen) was transferred into the wells of the glass fi ber fi lter plate and 
fi ltered at 600 mbar for 45 seconds.  A second aliquot of wash buff er (340 µL AW2, Qiagen) was 
applied to the wells of the glass fi ber fi lter plate and fi ltered at 600 mbar for 30 seconds.

Droplets from the glass fi ber fi lter plate tip directors were removed using clean paper towels.  The 
plate was vacuum dried for 10 minutes at 600 mbar, and for an additional 10 minutes of air-drying 
at room temperature.

To elute the nucleic acids, a 96 well PCR plate (ABI, Foster City, CA) pre-fi lled with 30 µL /well of RT 
master mix was placed under the fi lter plate on a vacuum manifold.  Sixty fi ve µL of nuclease-free 
H

2
O was transferred into the fi lter plate wells, incubated for 2 minutes at room temperature, then 

vacuum fi ltered at 500 mbar. 

RT Reaction
 The reverse transcription (RT) reaction was carried out in an 80 µL volume containing 50 µL 
purifi ed nucleic acid, 16 U RNAse Inhibitor (RNasin, Promega, Madison, WI), 50 mM Tris-HCl (PH8.3), 
75 mM KCl, 5 mM DTT, 3 mM MgCl

2
, 0.25 mM each of dNTP , 1.25 µM WNV reverse primer (5’-

GCTCTTGCCGGGCCCTCCTG-3’, 20mer, positions 110-129), 38 nM Dengue (internal control) 
reverse primer (13 mer, 5’-GCGTTCTGTGCCT-3’) and 80 units M-MLV reverse transcriptase (Gibco 
BRL, Rockville, MD).  The reaction was run at 42°C for 45 minutes, followed by 90°C for 2 minutes. 

PCR Amplifi cation using  Universal Molecular Beacon technology
As described below, PCR product generated by amplifi cation of the Dengue internal control RNA 
was detected using a fl uorescence-labeled Taqman probe.  PCR product amplifi ed from WNV target 
RNA was detected using the Universal Molecular Beacon technology described below.  Molecular 
beacons are single-stranded oligonucleotide probes that have a stem-loop structure (17).  Because 
of the sensitivity of molecular beacons to even small numbers of nucleotide mismatches between 
probe and target sequence (16), we developed a modifi cation of  molecular beacon technology 
(Universal Beacon PCR) to permit their use in detection of even highly variant virus species.  The 
method, which is described in detail in U.S. Patent Application Serial No:10/399,843,   relies on the 
use of forward and reverse primers which are designed to hybridize “nose-to-nose” on the target 
nucleic acid sequence to be amplifi ed (i.e. there is no intervening  gap between the forward and 
reverse primers).  The molecular beacon probe is designed to hybridize asymmetrically across the 
junction created by the two primers.  For detection of WNV, primers and probes were targeted 
to a 47 b.p. sequence spanning the 5’- untranslated region and the nucleocapsid start-site of the 
WNV genome.  The  reference sequence used for primer design and nucleotide numbering was 
the New York 1999-equine isolate reported by Lanciotti et al (10); Genbank AF196835.  
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At the end of the RT reaction, 40 µL PCR mix was added to each of the cDNA reaction wells. The 
total of 120 µL reaction mixture contained 33.3 mM Tris-HCl (PH8.3), 50 mM KCl, 3.33 mM DTT, 2.63 
mM MgCl

2
, 0.17 mM dNTP, 830 nM WNV reverse primer ((5’-GCTCTTGCCGGGCCCTCCTG-3’, 20mer, 

positions 110-129)), 83 nM WNV forward primer (5’-GCACGAAGATCTCGATGTCTAAGAAAC-3’, 
27mer, positions 83-109), 120 nM WNV probe (5’ 6-FAM-cgcacgATCTCGATGTCTAAGAAACCcgtgcg
-DABCYL-3’, probe region is in upper case and stem nucleotides are in lower case), 38 nM Dengue 
(internal control) reverse primer (13 mer, 5’-GCGTTCTGTGCCT-3’, positions 10686-10698), 38 nM 
Dengue (internal control) forward primer (20mer, 5’-GCATATTGACGCTGGGAGAGA-3’, positions 
10632-10652), 10 nM Dengue probe ( 19mer, 5’-VIC-AGATCCTGCTGTCTCTACA-MGB-3’, positions 
10657-10675), and 2.5 units of AmpliTaq gold DNA polymerase (Perkin-Elmer).  The reaction was 
run at 95°C for 10 minutes to activate AmpliTaq gold, and subsequently subjected to 45 cycles at 
95°C for 30 seconds, at 58°C for 30 seconds, and 72°C for 30 seconds on a thermal cycler (ABI 2700, 
PE-Biosystems, Foster city, CA). 

Detection: Fluorescence reading and calculations
A spectrofl uorometric thermal cycler (ABI PRISM 7900HT, ABI, Foster city, CA) was used for end-
point detection at the end of 45 PCR cycles.  WNV signal is detected with a FAM labeled probe, 
which is read at 522 nm, and IC signal labeled with VIC which is read at 554 nm. Test runs are 
considered valid if both negative and positive control values fall within pre-determined ranges. 
Results for individual samples are considered valid if  VIC relative fl uorescence unit (RFU) value 
exceeds IC cutoff .  The IC cutoff  is calculated from the mean VIC RFU of IC negative controls plus 
3 SD (n=8).  The WNV reactive cutoff  is calculated from the mean FAM RFU of the WNV negative 
controls plus 5 SD (n=4). Samples with lower RFUs than IC cutoff  will be considered as IC failures 
unless WNV PCR positive (See Results Section).  A positive sample is one in which the FAM RFU is 
greater than or equal to the WNV cutoff  RFU regardless of IC RFU. 

Statistical analysis
To determine the sensitivity of this assay, 95% and 50% LODs were obtained by Probit analysis 
(SPSS 11.5, SPSS Inc., Chicago, IL) at 95% CI. 

RESULTS

The NYBC WNV Assay Readout System
Due to a spectral overlap when both FAM and VIC signals are present at the same time, there is 
a spectral interaction between the two molecules.  To correct this interaction ABI’s assay readout 
software SDS 2.2 utilizes spectral compensation.  Under our current assay conditions where FAM 
(WNV probe) to VIC (IC) ratio is 12:1, VIC signal has little aff ect on FAM signal: there is a minor 
increase in FAM background, and a slight decrease in WNV signals (Fig 1A).  However there is 
a substantial reduction in VIC signals when FAM signals are high enough.  This causes IC signal 
suppression when WNV signals are strong (Fig1B).  In our assay system WNV positive samples will 
have suppressed IC signals, but that does not interfere with the assay since a confi rmed WNV 
positive sample indicate the reaction effi  cacy of that well.
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Evaluation of specifi city
Donor plasma samples from frozen archive plates, collected during the WNV-free season, were 
screened to assess specifi city, false positive rate, and IC failure rate of our WNV-NAT assay reagents.  
There  were no false WNV positives in 420 donor samples collected in March 2000 and October 
2000.  There was one IC failure. This sample showed a low FAM background as well, due to 
interfering material on the outer surface of the bottom of the well.  Thus, we now place the PCR 
plate in a PCR plate holder that does not permit the plate to touch any surface before being 
placed on a thermo-cycler. 
To determine whether the WNV NAT reagents were reactive to other viruses, 15 viruses were tested 
in parallel with WNV using the WNV assay as described in Materials and Methods.  Extraction and 
RT-PCR were carried out on 400 µL plasma or on 5 µL virus-containing supernatant spiked into 
395 µL normal human plasma. As shown in Table 1 the WNV NAT PCR was not reactive to all 
15 non-WNV viruses tested.  The fact that a high titer St. Louise Encephalitis virus and Japanese 
encephalitis virus samples showed no reactivity to our WNV reagent indicates the high specifi city 
of the reagents.

Cross contamination study using alternate positive and 
negative wells
To assess the possibility of well to well cross contamination, and to test donor plasma variability, 
80 donor plasma samples from an archive plate were transferred to a deep well plate and WNV 
positive plasma was spiked into 40 alternating wells and assayed.  The cut off  (mean relative 
fl uorescence units (RFU) from 4 negatives + 5SD) for WNV RFU was 1233, and mean FAM (WNV) 
RFU for. 40 positive wells (300 WNV copies/mL) was 3966± 963, and for 40 negative wells was 
918± 79.  The cut off  (mean RFU from 8 negatives + 3SD) for IC RFU was 61, mean IC RFU for 
negative wells was 264 ± 85.  There was no well-to-well cross contamination. The forty diff erent 

FIG 1. WNV and Internal Control signal interaction.  RT-PCR was performed on WNV (100 copies per reaction) or 

Dengue virus RNA (DEN; 2ng total RNA from culture supernatant per reaction) alone or in combination.  The mean 

of four replicates are presented. Panel (A): WNV (FAM) fl uorescence,  (B) Dengue (VIC) fl uorescence  
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plasma sources spiked with WNV were all positive.  Although the SD for 40 positives is somewhat 
high, plasma source variability did not interfere with assay detection.

Analytical Sensitivity and Reproducibility
BBI stock (Uganda strain, 7.33E + 04 copies/mL, Lot# 101702C) was diluted in human plasma 
at 12.5, 6.3, 3.2, 1.6 and 0.8 copies per mL based on BBI’s estimates, and tested to determine 
the sensitivity of the WNV assay.  Sixteen replicates per dilution were tested and repeated in 5 
separate experiments (Table 3).  These data were subjected to Probit analysis to determine the 
95% and 50% limit of detection (LOD) in each experiment separately (Table 3).  Coeffi  cient of 
variations of these experiments indicated a high degree of reproducibility.  As a reliable and 
accepted WNV standard is not yet available, we used dilutions from the BBI stock for the above 
sensitivity determination. However, we have found a previous BBI panel (QWN 701, Lot #104874) 

Table 1.  Specifi city of the WNV assay

Virus Sample type Source Strain Titer of stock tested # tested # reactive

Dengue 1 Cell Supt NYSa Hawai 107.5pfu/mL 4 0

Dengue 2 Cell Supt NYS New Guinea 106.5pfu/mL 4 0

Dengue 3 Cell Supt NYS H-87 107.3pfu/mL 4 0

Dengue 4 Cell Supt NYS H-241 106.5pfu/mL 4 0

SLE Cell Supt NYS Kern 217 108.0pfu/mL 4 0

Yellow Fever Cell Supt NYS 17D 107.5pfu/mL 4 0

HTLV-1 Cell Supt NYBC NYBC donor NAb 4 0

Rocio Cell Supt NYS SPH34675 106.6pfu/mL 4 0

CMV Cell Supt ATCC Towne NA 4 0

HAV Cell Supt CDC NA NA 4 0

Parvo B19 Cell Supt NYBC B19 1011 particles/mL 4 0

HCV Plasma NYBC 1b 106.5 copies/mL 4 0

HIV Plasma NYBC LAV 105.5 copies/mL 4 0

HBV Plasma NYBC Adw 104.5 copies/mL 4 0

JEV Plasmidc GCCd Nakayama 108 copies/mL 4 0

WNV Plasma NYS NYC01035 104.5 copies/mL 4 4

a Dr Laura Kramer, New York State Dept of Health
b Data not provided by supplier.
C  A plasmid encoding the JEV 5’UTR and core gene  (nucleotides 1-476) was used for this assay, omitting the RT 

step.  
d  Mogam Biotechnology Research Institute of the Green Cross Corp, Seoul, Korea.
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Table 2. Summary of the data used for determination of WNV assay sensitivity 

WNV dilutionsa

(WNV copies/mL)

# Positive/ # tested

Run #

1 2 3 4 5

0.8 0/16 1/16 0/16 2/16 1/16

1.6 7/16 3/16 6/16 6/16 1/16

3.2 15/16 15/16 12/16 13/16 12/16

6.3 16/16 16/16 16/16 16/16 16/16

12.5 16/16 16./16 16/16 16/16 16/16

a Dilutions were made from BBI stock (Uganda, 7.33E + 04 copies/mL, Lot# 101702C) in human plasma.

Table 3.  Probit Analysis of Assay Sensitivity using 16 replicates of each dilution tested on 5 plates run on diff erent 

days.

LOD 

% Detection

Expt 1 Expt2 Expt 3 Expt 4 Expt 5 Mean SD CV

95% 3.09a 3.36 4.07 4.06 4.18 3.79 0.49 0.13

50% 1.92 2.13 2.33 2.08 2.64 2.22 0.28 0.12

a WNV copies/ml

Table 4. In-house quantitationa estimate on two BBI materials

Expt 1 Expt 2 Expt 3

WNV copy numbers in dilutions 

According to BBI’s estimate

100 

Copies/mL

500 

Copies/mL

2000 

Copies/mL

BBI Panel QWN 701 (Lot#104874) 187b 393 1362

BBI Stock (Lot# 101702C) 816 1360 6998

Fold diff erence 4.35 3.45 5.14

aIn-house quantitation standards are extracted WNV RNA from cell supernatant calibrated with the BBI panels 

shown above.
b Mean of four estimates are shown. Copies/mL based on NYBC quantitative PCR
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with which our quantitation standards were calibrated to have an average WNV copy number 
4.31 fold lower than the stated copy number when estimated with in-house quantitative PCR 
method for comparison of the two lots. The data are shown in Table 4.  The average fold diff erence 
was 4.31.  Thus our estimate of sensitivity would depend on which panel we use as a standard for 
the study. With Lot# 101702C the 95% LOD is 3.79 copies/mL, however if we used QWN 701 (Lot# 
104874) the 95% LOD is 3.79 X 4.31= 16.3 copies/mL. We await the completion of the evaluation 
of FDA and CDC panels to resolve this issue. 

Detection of WNV positive donor samples
We have analyzed 11 donor plasma samples found positive at the NYBC in screening with the 
Roche assay during 2003. The results using the NYBC screening assay are summarized in Table 
5A and the serological test results on donor follow up in Table 5B.  Of cases successfully followed, 
8/8 seroconverted. The mean titer was Log

10
 2.90±0.93 copies/mL with the NYBC WNV assay, and 

Log
10

 2.70±0.79 copies/mL with the alternate Taqman assay.  The titers of pool sample would be 
6-16 fold lower depending on the  commercial kit, further suggesting that single unit testing will 
be desirable. 

Table 5.  Analysis of WNV positive units detected in 2003 by the Roche pool assay at NYBC

(A) Quantitation using NYBC and Taqman quantitative PCR assays. 

Sample 

Number
Collection Date

NYBC WNV Assay

Log10 copies/ml

Taqman Alternate Assay

Log10 copies/ml

1 7/29/2003 3.85a 3.32±0.22

2 8/21/2003 3.84 a 3.72±0.04

3 8/27/2003 1.78 a 1.41±0.29

4 9/2/2003 3.8 a 3.06±0.15

5 9/9/2003 2.7±0.07b 2.93±0.01

6 9/9/2003 1.6±0.32 1.88±0.15

7 9/9/2003 2.3±0.08 2.21±0.10

8 9/11/2003 3.9±1.03 3.08±0.10

9 9/13/2003 1.7±0.29 Negativec

10 10/15/2003 3.26±0.07 Not tested

11 10/15/2003 3.12±0.08 Not tested

Mean±SD 2.90±0.93 2.70±0.79
a No SD available since only a single reaction was set up for these samples.
b Mean ± SD
c Signals were lower than assay detection limit.
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Table 5.  Analysis of WNV positive units detected in 2003 by the Roche pool assay at NYBC

(A) Serological data tested by California Department of Health Services for WNV positive donor 

samples. The fi rst sample in each case is from the day of blood donation.

Sample Number Date

Anti. WNV

IgM IgG

#1
7/29/2003 Nega Neg

9/3/2003 Posb Pos

#2

8/21/2003 Neg Neg

9/4/2003 Pos Pos

9/18/2003 Pos Pos

#3

8/27/2003 Neg Neg

9/10/2003 Pos Neg

9/24/2003 Pos Pos

#4

9/2/2003 Neg Neg

9/16/2003 Pos Neg

10/9/2003 Pos Pos D

#5

9/9/2003 Neg Neg

9/23/2003 Pos Pos

10/7/2003 Pos Pos

#6  Rc R

#7  R R

#8

9/11/2003 Neg Pos

9/25/2003 Pos Pos

10/14/2003 Pos Pos

#9  R R

#10

10/15/2003 Neg Neg

10/29/2003 Pos Pos

11/12/2003 Pos Pos

#11

10/15/2003 Neg Neg

10/30/2003 Pos Pos

11/13/2003 Pos Pos

a Antibody not detected.
b Antibody detected.
c Refused follow-up.
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DISCUSSION

In recent years there have been many WNV detection systems reported using a variety of 
technologies.  Genprobe uses transcription-mediated amplifi cation (TMA) in combination with 
a chemiluminescent detection method.  Roche uses RT-PCR with Taqman detection system 
while others reported the combinations of  nucleic acid sequence-based amplifi cation (NASBA) 
and molecular beacon (9, 18),  NASBA and Taqman (8), RT-PCR and SYBR green (12).  We have 
developed a combined RT-PCR, using the Universal beacon (modifi ed molecular beacon) probe 
as WNV detection and Taqman probe as IC detection.  Use of the ABI 7900 system which excites 
fl uorescent molecules only at 490 nM was a challenging task for dual probe detection.  To 
accommodate a second fl uorescent molecule as an internal control in addition to FAM for WNV 
detection, the most promising fl uorophore was VIC developed by ABI.  However VIC is available 
exclusively for the Taqman probe.  Therefore we optimized our assay conditions for a single tube 
containing FAM labeled molecular beacon and VIC labeled Taqman probes.  We intentionally 
designed a weak VIC internal control signal to prevent FAM signals being aff ected by the VIC 
signal.  This was accomplished using FAM and VIC probe molar ratio at 12:1. Our assay presents a 
combination of two fl uorescent detection technologies in a single reaction.

The extraction system described here uses proteinase K and SDS buff er based lysis, which is capable 
of isolating viral RNA and DNA simultaneously ( Pfahler et.al. submitted).  In combination with the 
Universal Beacon, capable of detecting all genotypes of highly variable viruses such as HCV and 
HIV, this extraction method permits  economical multiplex ID NAT screening since only a single 
extraction is required for both RNA and DNA viruses.  Individual donor NAT screening would benefi t 
the detection of low titer infections during window periods of WNV, HBV and HIV infections.  

The WNV reagents proved to be highly specifi c for WNV since they were not reactive to JEV and 
SLE or 13 other viruses tested.  The actual sensitivity of this assay remains to be determined but 
our sensitivity should be higher than that with commercial kits using pool testing, as the 6-16 fold 
dilution is avoided.  We estimate this WNV ID NAT assay system will yield a higher number of WNV 
positives than other commercial kits that use pool testing.
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High throughput sample preparation 
for NAT screening 
Pool testing for NAT allows fewer tests and thus results in cost-saving over individual donor 
testing. Presently NAT screening of blood is carried out with pools, as a result of the limitation in 
available automation technologies (4) .  The most important consideration in regard to pool size 
is assay sensitivity. Sensitivity issues related to pool size vary, depending on which agent is being 
considered. Testing of individual units, rather than pools, is likely to be particularly important for 
reducing the risk of transmission of HBV and HIV (3). The former has a long window period with 
gradually increasing viral titers (1) . The lower titer samples would be likely to be missed by pool 
testing.  HIV infections have a long intermediate phase where virus titers may be too low to be 
detectable in pools (3). Individual donor testing has also been shown to be especially valuable for 
West Nile virus screening as titers are generally very low (2, 27).
Our data show that the PVDF fi lter method is suitable for single unit NAT testing in that it can be 
readily adapted to total robotic automation (20).  However, when this method was combined 
with SiO

2
 bead solution, it was diffi  cult to generate consistent extraction data due mainly to 

inconsistent batches of SiO
2
. In addition the robotic procedures tended to loose the extraction 

effi  ciency due to settling of SiO
2
 in reaction wells, resulting in diffi  culties with transfer of the lysate 

from reaction wells to fi lter plate wells.  The PVDF method was found to have a sensitivity equal 
to, or in some cases slightly less than, that of one of the most sensitive extraction methods(26), 
Qiagen columns. In all cases the sensitivities were within 2 fold of each other. Further optimization 
could likely eliminate any diff erences, but the  technical limitations of this procedure lead us to 
develop a newer technology using glass fi ber fi lter plates, which did not require SiO

2
. 

Stabilization of viral nucleic acids in plasma 
Preservation of the integrity of viral nucleic acids in blood specimens during shipping and 
handling is crucial for NAT screening and viral load monitoring (5, 6, 10, 11, 14, 18). Although 
RNAlater (Ambion, Austin, Tx) was not recommended by the manufacturer for use with plasma 
samples at the time of this development, an economical and convenient method for nucleic 
acid stabilization using RNAlater in plasma was described in chapter 3, designed for shipment of 
samples in tropical countries.

The quantitative PCR assay showed that plasma at a ratio of 3:2 (60 µL RNAlater: 40 µL plasma), or 
higher ratios of RNAlater to plasma, successfully stabilized HCV RNA in plasma at 37 oC for up to 28 
days(19). To determine whether our experimental temperature, 37 oC, provides a reasonable guide 
for shipment at ambient temperature, HCV infected plasma was collected from ten chimpanzees 
in Liberia, and shipped to New York City via air either in RNAlater at room temperature, or frozen 
in liquid nitrogen.  The chimpanzee plasma transported from Liberia to New York City with either 
method showed no signifi cant diff erences in their viral loads. Stability would be presumably even 
higher at lower temperature. RNAlater treated plasma provides a convenient way to stabilize viral 
nucleic acids in plasma at ambient temperature during sample transportation for viral load assay 
by NAT. 
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Automated nucleic acid extraction of multiple viral genomes 
in plasma
The U.S. FDA acknowledges that NAT under pool testing is the most sensitive method currently 
available for detection of blood-borne viruses, but FDA’s recognizes that in the future single donor 
testing will be desirable for optimal sensitivity of NAT testing(4) . However thus far, this has not 
been possible due to the lack of methodology permitting reliable, complete and fast preparation 
of RNA and DNA at reasonable costs. 
A simple and fast extraction procedure using a 96-well platform for RNA and DNA purifi cation 
was described in chapter 4.  This method was developed to improve the limitations in the PVDF 
method described in chapter 2.  Viral genomes were simultaneously extracted from infected 
plasma containing multiple pathogens. Furthermore, the procedure proved to be independent 
of the volume of plasma extracted. We increased the sample volume up to 450 μL plasma per 
extraction for a single sample. The yield of viral genomes recovered increased linearly with the 
volume of plasma extracted. According to the manufacturer, the glass fi ber fi lter is recommended 
for purifi cation of plasmid DNA. Several authors described the eff ectiveness for isolating bacterial 
DNA (8, 13, 25). Gribanov et al (12) used glass fi ber fi lters for viral RNA extraction in combination 
with guanidine thiocyanate. However, this lysis buff er is not suitable for multiplex extraction of HBV, 
as the HBV DNA associated protein must be removed by a proteinase for optimal sensitivity. As we 
have shown with our data, the glass fi ber plates were found to be very eff ective for extraction of 
both viral RNA and DNA.
The combination of proteinase K and SDS is known as a powerful medium to liberate DNA from 
cells, nuclei, viral capsids and covalently bound proteins in a variety of clinical specimens(9, 23). 

Simultaneous and automated extractions of blood borne pathogens have been previously 
described (7, 20-22) but none of those methods could break through the technical barriers of 
single unit large scale NAT screening.

An ultra-sensitive NAT screening method resulting from 
concentration of virions in plasma
Screening low titer viremic samples such as WNV has been diffi  cult. Detection of such samples 
may require concentration of virus from large volumes of plasma.  As NAT technology evolves, the 
development of methods for concentrating virions in plasma would enhance the sensitivity of the 
assay.  In chapter 5, improvement of the sensitivity of WNV detection systems has been carried out 
by concentrating virions using polyethylene (PEG) in plasma. In this study, the optimal protocol 
for concentrating the virus from low-titer specimens was determined. We found that 3% PEG 8000 
in 2 ml plasma precipitated virions and viral components suffi  ciently to allow a 10-fold reduction 
of the initial sample volume to 200uL and an almost 10-fold increase of sensitivity in quantitative 
PCR. Higher PEG concentrations reduced the extraction effi  ciency considerably, probably due to 
accumulating inhibitory small plasma proteins in the sediment.

At present, commonly used nucleic acid extraction methods usually process a relatively small 
volume, mostly between 100 and 250 µl. To overcome this limitation it is necessary to concentrate 
the virus from a larger sample volume. Concentration procedures like gel chromatography, 
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ultracentrifugation and ultrafi ltration are not practicable for high throughput screening assays 
and for automation. PEG mediated precipitation of virions and viral components was rarely 
employed for subsequent nucleic acid testing other than HIV-1 (17). However, enteric viruses were 
concentrated with PEG 6000 and PEG 8000 at 7.5-15 % in large volume water samples (15). Those 
applications aimed at the concentration of intact virions for cell culture, immunoaffi  nity capture 
and genomic amplifi cation. Prince,et al described the purifi cation of hepatitis B surface antigen 
for vaccine production with PEG 6000 at 4 % and 3% (24).

Our data showed that 1.6 GE/ml of West Nile virus were detected by the “large volume” PCR 
technology when extracting RNA from 2 ml plasma. We believe that the assay presented here 
could enhance blood safety and facilitate surveillance programs for WNV and possibly other blood-
borne viruses.  More studies are needed to prove effi  cacy of this method for other pathogens.

Individual donor NAT testing method for WNV 
NAT for WNV RNA in donated blood was implemented in June/July 2003 under IND in the US.  
Several NAT testing centers in regions that were considered high-incidence for WNV switched 
from pool testing to individual donor testing in the same year to increase the NAT yield (16). The 
improved sensitivity of single unit testing has been confi rmed by two recent reports.  Stramer et 
al observed that of 540 WNV RNA positive donations 148 (27%) were detected only by single unit 
testing (27). Similarly, Busch et al reported that in 2003 34%  of all viremic units detected were 
detected only by single unit testing (2).  

To cope with the limitation in the conversion from pool testing to individual donation NAT, it 
is clear that highly sensitive assays will be required to eff ectively detect the low levels of virus 
present in aff ected individuals. FDA has recommended that assays for the detection of WNV have a 
minimum analytical sensitivity of 1000 RNA copies/mL in a pool test.  Current pool testing methods 
meet this requirement but, as noted above, sensitivity estimates show that some samples escape 
detection. The enhanced sensitivity of ID NAT may be required to achieve this goal.  In chapter 
6, we describe such a sensitive NAT screening system that uses semi- automated extraction from 
400 µL of single donor plasma, and uses a highly specifi c Universal Beacon probe.

We have developed a combined RT-PCR, using the Universal beacon (modifi ed molecular 
beacon) probe as WNV detection and Taqman probe for internal control (IC) detection.  Using 
the ABI 7900 system which excites fl uorescent molecules only at 490 nM , we optimized our assay 
conditions for a single tube containing FAM labeled molecular beacon and VIC labeled Taqman 
probes.  The extraction system described here uses proteinase K and SDS buff er based lysis as 
described in chapter 4, which is capable of isolating viral RNA and DNA simultaneously (Pfahler 
et.al. submitted).  In combination with the Universal Beacon, capable of detecting all genotypes of 
highly variable viruses such as HCV and HIV, this extraction method permits economical multiplex 
ID NAT screening platform.  Individual donor NAT screening would benefi t the detection of low 
titer infections during window periods of WNV, HBV and HIV infections.  This technology shows the 
proof of principles for economical and sensitive ID NAT for the future development of multiplex 
NAT platforms.
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Summary

This thesis is devoted to the development of an economical and highly sensitive individual donor 
NAT screening methodology for eventual application in the multiplex detection of blood borne 
viruses in blood screening.

A high throughput sample preparation method using 96-well hydrophilic polyvinylidene fl uoride 
(PVDF) fi lter plate in combination with laboratory robotics was introduced in chapter 2.  This 
method was optimized by adding SiO

2
 solution to facilitate HBV extraction in addition to HCV 

and HIV.

An economical and convenient plasma shipping method for NAT screening in developing 
countries was suggested in chapter 3.  RNAlater (Ambion, Austin, TX) solution, at a 3:2 ratio of  
RNAlater to plasma successfully stabilizes HCV RNA and HIV RNA at 37oC for at least one month.

The PVDF sample preparation method was improved using an SDS based buff er and glass fi ber 
fi lter plates in chapter 4.  This development was motivated by the inconsistency in the quality 
of diff erent batches of SiO2. The new glass fi ber fi lter method not generated sensitive and 
reproducible results for RNA and DNA virus extraction.  

In chapter 5, a method for concentrating virions in plasma was described.  The use of polyethylene 
glycol (PEG) 8000 at 3 % (v/v) resulted in full recovery and a 10 fold concentration of virions 
as determined by quantitative PCR.  This simple method has high potential for improving the 
sensitivity of NAT screening.

To establish proof of concept for an economical, high throughput, sensitive, individual donor (ID) 
NAT screening method, WNV ID-NAT was developed and described in chapter 6.  This methodology 
was approved for US FDA IND studies.

In the past few years, NAT screening systems have been successfully implemented.  Current NAT 
systems generally employs testing of pooled samples, which has been shown to miss some low-
titer viremic  cases.  As NAT technology achieves higher sensitivity and lower cost, it will eventually 
allow the testing of individual donor samples.  To achieve this goal we have introduced the use 
of a single extraction method suitable for extraction of nucleic acids from RNA viruses such as 
HCV, HIV, WNV and from HBV DNA virus, to permit multiplex assays for these viruses. This has been 
combined with an automatable, sensitive, and economic glass fi ber plate method for isolation of 
the released nucleic acids. To further increase sensitivity we have developed a PEG method for 
concentration of virions from larger plasma volumes. In combination, these methods will permit 
economical and highly sensitive NAT screening of individual blood units.

Summary
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Samenvatting

In dit proefschrift wordt de ontwikkeling van een zeer gevoelige techniek beschreven op basis 
van nucleïnezuur amplifi catie technologie (NAT) voor het screenen van individuele donor (ID) 
monsters op bloedoverdraagbare virussen. Deze techniek kan ook zonodig toegepast worden als 
multiplex systeem. 

Met een hydrophile polyvinylidine fl uoride (PVDF) fi lterplaat bestaande uit 96 cupjes, is het 
mogelijk de isolatie te verrichten bij een groot aantal monsters. 
Dit wordt mede mogelijk gemaakt door laboratoriumrobots te gebruiken, zoals beschreven in 
hoofdstuk 3. Deze methode werd geoptimaliseerd door toevoeging van S

1
O

2 
oplossing om de 

extractie van HBV, naast die van HCV en HIV te verbeteren.

In hoofdstuk 4 wordt een goedkope en gemakkelijk toepasbare methode beschreven om in 
ontwikkelingslanden plasma voor NAT screening te versturen. Met RNAlater (Ambion, Austin, TX) 
oplossing (met een 3:2 ratio voor RNAlater:plasma) kan bij 37 0C HCV-RNA en HIV-RNA gedurende 
tenminste een maand met succes gestabiliseerd worden.

De PVDF monster isolatie methode werd verder verbeterd door gebruik te maken van een buff er 
op basis van SDS en van glasfi lterplaten, zoals beschreven in hoofdstuk 5.
Deze modifi catie werd doorgevoerd omdat de kwaliteit van de verschillende charges 
S

1
O

2
 inconsistent bleek te zijn. Deze nieuwe glasfi lter methode genereerde gevoelige en 

reproduceerbare resultaten ten aanzien extractie van RNA en DNA virussen.

In hoofdstuk 6 wordt een methode beschreven om virussen in plasma te concentreren. Met 
behulp van een 3% (v/v) polyethyleen glycol (PEG) 8000 oplossing werd een volledige opbrengst 
verkregen en werd een 10-voudige virus concentratie bereikt, zoals werd vastgesteld met een 
kwantitatieve PCR. Deze methode is door zijn eenvoud veelbelovend om de gevoeligheid van 
NAT-systemen voor het screenen van donors, verder te verbeteren.

Ter vaststelling van ‘proof of concept’ van een goedkope en gevoelige NAT methode, toepasbaar 
voor massa screenen van individuele donaties (ID), werd een ID-NAT voor West Nile Virus (WNV) 
ontwikkeld, zoals beschreven in  hoofdstuk 7. Deze methode werd door de Federal Drug 
Administration (FDA) in de Verenigde Staten goedgekeurd voor veldstudies.

In de afgelopen paar jaar werden NAT-screeningsystemen succesvol geïmplementeerd. De 
huidige NAT systemen maken over het algemeen gebruik van een mengsel (‘pool’) van meerdere 
monsters, waardoor sommige virussen niet gedetecteerd worden wanneer zij in lage concentratie 
aanwezig zijn.
Wanneer de NAT technologie een hogere gevoeligheid heeft bereikt en de kosten omlaag gaan, 
wordt het uiteindelijk mogelijk om ID monsters te testen. Om dit doel te bereiken werd door 
ons een enkelvoudige extractie methode geïntroduceerd voor de isolatie van nucleïnezuur 
van RNA virussen, zoals HCV, HIV en WNV en voor DNA virussen zoals HBV. Hierdoor werd het 

Samenvatting
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mogelijk een multiplex systeem te ontwikkelen om deze virussen aan te tonen, met hulp van een 
geautomatiseerd systeem zoals hiervoor beschreven.

De gevoeligheid van dit systeem kan, zoals hiervoor beschreven, verder verbeterd worden met 
behulp van een PEG concentratie stap waarmee virussen uit een groter plasma volume geïsoleerd 
kunnen worden. De combinatie van de hiervoor beschreven methodes maakt het mogelijk om 
een zeer gevoelig NAT systeem te ontwikkelen voor het massaal screenen van individuele donor 
monsters.
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