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a b s t r a c t

A HPLC method using an anion exchange column was developed for the quantification of baculovirus
particles. To properly detect the virus eluting from the column, a nucleic acid dye was used to amplify
the signal projected by the virus. The viral genome was labeled by incubating the virus with SYBR Green I
at 37 ◦C for a minimum of 1 h. The virus was specifically eluted from the contaminants in 8.9 min at a NaCl
eywords:
aculovirus
PLC
uantification
otal virus particle
iral genome labeling

concentration of 480 mM NaCl (in 20 mM Tris–HCl, pH 7.5). The total run time of the method was 25 min.
The method resulted in a linear response from 1 × 108 to 5.0 × 1010 viral particles (VP/ml). The detection
limit was 3.0 × 107 and the quantification limit was 1 × 108 VP/ml. The intra-assay precision was <10%
for both purified and crude virus preparations whereas the inter-assay precisions were <5% and <10% for
purified and crude virus preparations, respectively. The recovery/accuracy of the method ranged from 78
to 101%. This method is a robust monitoring tool to facilitate research activities with baculovirus vector

ent o
and accelerate developm

. Introduction

The commercial use of the baculovirus (BV) expression vec-
or system in the manufacture of human vaccines [1,2] and the
xploitation of BV as benign non-replicative vectors for gene
xpression in mammalian cells [3–5] has generated a renewed
nterest in the technology. This technology is not without its chal-
enges. For example, the amount of BV added to the process can
rastically affect the production capacity of the system as well as
he overall complexity of the process. For this reason, a great deal
f effort has been put into investigating the effect of the multiplic-
ty of infection on the production [6–10] as well as into methods
o purify [11–13] concentrate [14,15] and quantify [16] these viral
ectors.

There is no shortage of methods to quantify BV, each of which
as its own merits and drawbacks. Many techniques, though tried
nd true, involve lengthy procedures and are hampered by opera-
or subjectivity, such as for infectivity and plaque assays. Recently,
critical evaluation of the errors associated with the quantification

f BV maintains that the current state of the art in quantification
rotocols is one that contains methods that can reduce time and
ffort, or increase accuracy and dependency, but lacks an overar-
hing method that is optimal in all aspects [16].

∗ Corresponding author. Tel.: +1 514 496 2264; fax: +1 514 496 6785.
E-mail address: amine.kamen@cnrc-nrc.gc.ca (A.A. Kamen).
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oi:10.1016/j.jchromb.2010.11.011
f baculovirus-based processes for manufacturing of biologics.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Real-time quantitative PCR has been pushed to the forefront
as a method for quantification because of how rapidly results can
be generated compared to most other methods, not to mention
the ability to detect minute quantities of nucleic acid. The need to
choose primer sequences, probes, master mixes and reaction condi-
tions creates a wide design space, which is not easily optimized for
the inexperienced. Furthermore, methods used to isolate BV DNA
prior to quantification can influence the reported titers. Most real-
time PCR protocols rely on the use of standard material, for which
none is commercially available or at a reasonable cost; therefore,
the titers are subject to the errors associated with the methods of
isolation and purification of the standard material.

For close to a decade now, we have been using a labeling tech-
nique that allows the quantification of BV using a flow cytometer.
This method has been shown to be a rapid and robust method for
not only quantifying the virus [17] but also for a qualitative assess-
ment of the viral stock [18]. Similar to many real-time PCR methods,
the protocol reported by Shen et al. [17] uses the SYBR Green dye to
label the viral DNA; however, unlike other methods, the virus/viral
genome is not extracted from the sample to do the analysis. It
is believed that this allows less loss due to any processing steps.
Unfortunately, the accessibility to a high resolution flow cytometer

able to detect virus particles is not necessarily commonly available,
a reason we believe this method has not been more widely adopted.

Although standardization is often warranted in the quantifica-
tion of particles, especially for lab to lab comparisons, it is more
often crucial to have a reliable method that allows quick and repro-

ghts reserved.
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ucible results for everyday testing. Given the increased interest in
aculoviruses [19] as well as our experience in purifying [12,20,21]
nd quantifying viruses [22–25] using chromatography, we have
nvestigated the quantification of BV using high performance liquid
hromatography (HPLC). BV has already been shown to be cap-
ured from solution using both anion and cation exchange materials
11,13,26], however, the use of HPLC for the quantification of BV
as not been explored. This may be due to the low absorbance sig-
als associated with baculovirus when monitoring the eluent at
60 and 280 nm. SYBR Green dye is commonly used for PCR and
el electrophoresis to detect low levels of nucleic acids in bio-
ogical samples, and has been used for the detection of BV using
ow cytometry [17]. We therefore investigated the possibility of
ombining the labeling power of this dye with the separation capa-
ilities of ion exchange chromatography.

Herewith we describe a method that rivals RT-PCR and DNA-
abeling/flow cytometry protocols in terms of response time, and
ivals RT-PCR in ease of establishing conditions for the quantifi-
ation of the particles. Furthermore, reagents used in the HPLC
ethod are less expensive than the reagents used in RT-PCR, and

ther than the addition of a labeling dye there is little preparation
f the samples needed.

. Materials and methods

.1. Cells, medium and virus production

Spodoptera frugiperda (Sf9) cells and Sf900II culture medium
Invitrogen, Burlington, ON, Canada) were used for the produc-
ion of virus using a 3L Chemap CF-3000 bioreactor (Mannedorf,
witzerland) as previously described [12]. Briefly, exponentially
rowing Sf9 cells were seeded into the bioreactor at 0.5 × 106 per ml
nd grown to a density of about 1 × 106 cells per ml prior to infec-
ion with a BV stock at an MOI of 0.1 pfu/cell. The virus supernatant
as recovered at 72 h post-infection (hpi) by centrifuging the cul-

ure broth for 15 min at 2600 × g and decanting the supernatant
rom the pelleted material.

A BV harboring a gene for GFP under the control of both a
MV and p10 promoter, first described in the production of adeno-
ssociated viral vectors in insect cells [27] was the primary BV used
n this work.

.2. Preparation of a standard

A 100× BV standard was prepared in house by ultracen-
rifugation using a 25% sucrose cushion according to a method
reviously described for the purification of vesicular stomatitis
irus G glycoprotein-pseudotyped retrovectors [20]. Briefly, culture
upernatant containing budded BV, clarified using a 0.8/0.45 �m
ouble membrane filter (Supor®, Pall Life Sciences, Ann Arbor, MI,
SA), was placed above a 25% sucrose cushion and ultracentrifuged
t 37,000 × g for 3 h at 4 ◦C (A621 Sorvall rotor, Thermo Scientific,
altham, MA, USA). The recovered virus pellet was suspended in

0 mM Tris–HCl, pH 7.5 + 5% sucrose and kept at 4 ◦C overnight.
he virus suspension was then filtered through a 0.45 �m Supor®

embrane (Pall Life Sciences, Ann Arbor, MI, USA), aliquoted in
00 �l volume and stored at −80 ◦C. The BV used as the standard
as selected because of its ability to transduce both insect and
ammalian cells.

.3. Characterization of the standard
.3.1. Total viral particle quantification
The total viral particle concentration (VP/ml) was obtained

sing a flow cytometer (FCM) as previously described [17]. Flow-
etTM Fluorospheres (Beckman Coulter Inc., Fullerton, CA, USA)
atogr. B 879 (2011) 61–68

with a mean diameter of 3.6 �m, and having emission wavelengths
between 525 and 700 nm when excited at a wavelength of 488 nm,
were used as an external standard to calibrate the quantification.

2.3.2. Infectious particle quantification
The plaque-forming unit concentration (pfu/ml) was deter-

mined using an end point dilution assay as previously described
[28]. Briefly, Sf9 cells were seeded at 0.1 × 106 cells per ml in wells
of a 96 well plate and infected with serially diluted stocks of BV. The
plates were incubated for 6 days at 27 ◦C. The MTT assay was used
to determine BV infectivity. Magenta formazan salt (MTT degrada-
tion by product) was solubilized by DMSO (Sigma–Aldrich, Oakville,
ON, Canada) and its absorbance was detected using a Spectra 340
PC spectrophotometer equipped with Softmax Pro 4.8 (Molecular
Devices, Sunnyvale, CA, USA). Uninfected cells were used as control.

2.3.3. Viral genome quantification
The viral genome concentration (VG/ml) was determined by

real-time PCR using previously described primers based on a
sequence within the GP64 gene [29] and commercially available
DNA extraction kits (High Pure Viral Nucleic Acid Kit, Roche, Missis-
sauga, ON, Canada). The plasmid DNA which served as the standard
was prepared by inserting the baculovirus PCR amplified sequence
in pAcSG2 (BD Pharmingen, San Diego, CA, USA), which was prop-
agated in DH5�, purified using the GeneJETTM Plasmid Miniprep
Kit (Fermentas Life Sciences, Burlington, ON, Canada) and quan-
tified using a Nanodrop measure. The standard had a measure of
114.6 ng/�l DNA.

2.3.4. Light scattering characterization
Multiple angle dynamic and static light scattering (DLS and SLS)

experiments on the BV standard were conducted using a BI-200
SM Goniometer (Brookhaven Instruments Corporation, NY, USA).
Necessary sample dilutions were done with sterile PBS.

2.3.5. SDS-PAGE and western blot analysis
Samples were analyzed by SDS-PAGE (NuPAGE, BT 4-12%

gels, Invitrogen, Burlington, ON, Canada) and silver staining
(SilverXpress® Kit, Invitrogen, Burlington, ON, Canada) was per-
formed on the protein bands. Western blotting was performed
using a monoclonal antibody against the gp64 envelope protein
(eBiosciences, San Diego, CA, USA). Bands were detected using
the Amersham ECL PlusTM western blotting detection system (GE
Healthcare, Baie D’Urfe, QC, Canada).

2.4. Quantification using HPLC

2.4.1. Sample preparation—nucleic acid labeling with SYBR®

Green I
A 200× working solution (WS) of SYBR® Green I nucleic acid

gel stain (Invitrogen, Burlington, ON, Canada), herein referred to
as SGI, was prepared by diluting the stock (10,000×) in 10 mM
Tris–HCl, 1 mM EDTA, pH 7.5. To label the DNA in the samples, SGI
WS was added to the samples to get a final concentration of 2×, and
incubated at 37 ◦C in the dark. Prior to labeling, all samples were fil-
tered through a 0.45 �m membrane (Supor®, Pall Life Sciences, Ann
Arbor, MI, USA). For all experiments performed during the method
development, the standard was always diluted to 1 × 1010 VP/ml in
20 mM Tris–HCl, pH 7.5 and all preliminary works were performed
using SGI at a concentration of 1× unless otherwise specified.

Temperature effect. The temperatures investigated were 4 ◦C,

25 ◦C (room temperature), and 37 ◦C. The two samples investigated
were the standard and a cell culture supernatant containing BV.
Both types of samples were labeled with 1× SGI for 1 h at one of
the three temperatures investigated before being injected to the
column.
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Effect of SYBR Green I concentration on labeling. To determine if
he SGI concentration had an effect on labeling, the standard was
ncubated with SGI at concentrations between 1× and 5× SGI (all
or the same period of 1 h). As a control, a sample having the same
oncentration of BV was incubated without SGI.

Effect of Triton X-100 membrane permeabilization. Three concen-
rations of Triton X-100 were investigated: 0.001%, 0.005% and
.01%. A supernatant without Triton X-100 but labeled with SGI
as also analyzed as a control. To label the BV, the Triton X-100
as added to the supernatant samples followed by SGI (2×). The

amples were then incubated for 1 h at either 4 ◦C, 25 ◦C or 37 ◦C.

.4.2. HPLC system
An Alliance HPLC system (Waters, Ltd., Milford, MA, USA)

quipped with a 2695 separations unit, a 996 photodiode array
PDA) detector, a 2475 fluorescence detector, and the EmpowerTM2
hromatography software for data acquisition and peak integra-
ion, was used in this work. The column used to isolate the BV was
0.16 ml UNOQTM anion exchange polishing column (Biorad, Her-

ules, CA, USA). The mobile phase stock solutions consisted of: (A)
.1 M Tris–HCl, pH 7.5; (B) 2 M NaCl in Milli Q® purified water;
C) Milli Q® purified water. All solutions were filtered through a
.45 �m HA membrane (Millipore, Billerica, MA, USA) and degassed
or 10 min prior to use.

.4.3. HPLC analysis
The flow rate was kept at 1 ml/min for all analysis and all gra-

ients were formed in 20% A. All samples were filtered through a
.45 �m membrane (Supor®, Pall Life Sciences, Ann Arbor, MI, USA)
rior to injection. The column was equilibrated with 20% A, 16.5% B
nd 63.5% C for 10 min before a 50 �l sample was injected. Three (3)
uffer blanks (20 mM Tris–HCl, pH 7.5) were injected prior to the
rst sample injection of the day to ensure a flat baseline and elimi-
ate any carryover from previous runs. After the sample injection,
he column was washed with 16.5% B for 6 min followed by a linear
radient from 16.5% to 24% B at a rate of 75 mM NaCl/ml. B was
ept at 24% for 4 min for the complete elution of the virus. This was
ollowed by another linear gradient increasing B from 24% to 50% at
rate of 173 mM NaCl/ml. B was kept at 50% for 3 min before being

educed to 16.5% in 3 min. For each subsequent run the column was
quilibrated for only 4 min prior to the sample injection.

.4.4. Eluent monitoring
The fluorescence intensity of the output stream from the column

as monitored at the excitation and emission wavelengths of 479
nd 520 nm, respectively. The excitation and emission wavelength
air was chosen because it yields the highest signal when SGI is used
o label nucleic acids. The output stream was also monitored for
bsorbance at 260 and 280 nm, allowing the additional detection
f proteins and DNA.

.5. Method validation

.5.1. Specificity
The specificity of the method was determined by spiking known

oncentrations of BV into Tris buffer blanks or non-infected Sf9
ell culture supernatant and examining the chromatograms for
otential overlapping peaks. As controls, a buffer blank and a non-

nfected Sf9 cell culture supernatant, without any addition of BV,
ere also analyzed. To confirm the identity of the baculovirus peak,
00× labeled BV was injected 5 consecutive times at a volume of
50 �l into the HPLC under the conditions described above. The BV
eak was collected, concentrated by a Savant SpeedVac (Thermo
cientific, Two Rivers, WI, USA) and analyzed by SDS-PAGE and
estern blot as described above.
atogr. B 879 (2011) 61–68 63

2.5.2. Linearity, limit of detection and limit of quantification
Linearity of the assay was determined by multiple injections

(between 2 and 6) of seven BV concentrations (1 × 107, 5 × 107,
1 × 108, 5 × 108, 1 × 109, 5 × 109, 1 × 1010 and 5 × 1010 VP/ml).
Briefly, the BV standard was labeled with 2× SGI for 2 h and then
diluted in Tris–HCl buffer to obtain the aforementioned concen-
trations. Two (2) buffer blanks were injected between the 5 × 108,
1 × 109, 5 × 109, 1 × 1010 and 5 × 1010 VP/ml samples to avoid any
potential BV carryover. Two (2) additional single injections hav-
ing concentrations of 7 × 107 and 3 × 108 VP/ml supplemented the
above data points. The limit of detection was visually determined
while the quantification limit was deemed to be the lower limit of
linearity.

2.5.3. Precision
The precision of the method was determined by analyzing five

(5) repeat injections of BV supernatant and the standard (diluted
1/5 in Tris–HCl buffer) over 5 days. Samples were incubated with
2× SGI for 2 h at 37 ◦C prior to the analysis. The relative standard
deviation (RSD) for the 5 repeat injections and the RSD of the mean
values over the 5 days were the basis of the intra- and inter-assay
precision.

2.5.4. Accuracy
The accuracy of the method was determined by spiking an

infected cell culture supernatant containing BV with known con-
centrations of BV and comparing the increase in peak area with the
expected increase calculated from the linear working range of the
calibration curve.

3. Results and discussion

3.1. Standard characterization

The standard was characterized upon concentration and purifi-
cation. The relative purity of the standard compared to the starting
material (cell culture supernatant) is shown by SDS-PAGE (Fig. 1).
The standard material was shown to be of high purity with the
gp64 envelope protein (identified based on the apparent MW) com-
prising >90% of the total detected proteins. The majority of protein
contaminants were removed in this preparation compared to the
supernatant. To confirm the identity of BV, western blot against
gp64 was performed. The gp64 band was clearly detected in the
standard (Fig. 1, lane 4).

End-point dilution of the standard gave a titer of
1.17 × 1010 ± 4.28 × 109 PFU/ml. Flow cytometry gave a titer
of 7 × 1010 ± 5.076 × 109 VP/ml. Real-time PCR gave a titer of
4.05 × 1011 ± 2.11 × 1011 VG/ml. Standard deviations were cal-
culated from the average of multiple sets of triplicates done on
different days.

The standard had a hydrodynamic radius (Rh) of ca. 82 nm, and
a radius of gyration (Rg) of 194.6 ± 10.1 nm. DLS/SLS measurements
yielded a Rg/Rh value around 2.4, which confirms the presence of
rod-shaped particles.

3.2. Detection and identification of BV using HPLC

To elute the SGI-labeled BV standard, a linear gradient from 0
to 1 M NaCl in 20 mM Tris–HCl (pH 7.5) at a rate of 50 mM/ml was
used. This elution profile gave three (3) distinct peaks (Fig. 2A).
The first peak (indicated as 1) eluted at ∼163 mM NaCl, the sec-

ond peak (indicated as 2) eluted at ∼480 mM NaCl while the third
peak (indicated as 3) eluted at ∼700 mM NaCl. The 260/280 nm
absorbance ratios of these peaks were 2.2, 1.2 and 2.1 respectively.
The absorbance ratios of peak 1 and 3 are indicative of a significant
amount of nucleic acids. Peak 2 however, is close to an absorbance
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Fig. 1. SDS-PAGE and western blot analyses of BV standard purified by ultracen-
trifugation in 25% sucrose cushion and culture supernatant containing BV. Lanes 1,
2 and 3 are the SDS-PAGE profiles of the protein molecular weight (MW) marker,
BV standard and supernatant, respectively. Lane 4 is the gp64 western blot of the
standard. SDS-PAGE was performed using NuPAGE, BT 4–12% gels and silver stain-
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Fig. 2. Fluorescence monitoring of eluent from an anion exchange column and iden-
tification of BV. DNA viral genome labeling was performed with 1× SYBR Green I
for 5 min at room temperature in the dark while separation was performed on a
UNOQ polishing column (0.16 ml). The wavelengths used were 479 and 520 nm for
the excitation and emission, respectively. The BV peak was indicated by an arrow.
(A) Linear gradient at 50 mM/ml NaCl in 20 mM Tris–HCl, pH 7.5 at a flow rate of
1 ml/min. (B) Optimized separation of BV peak (solid line) from the contaminants.
Broken lines show the profile of a lambda double stranded DNA std. BV eluted in
8.9 min at 480 mM NaCl, while residual DNA elutes at ∼15 min at ∼700 mM NaCl.
ng. Both samples were loaded at the same protein concentration of 1 �g/well. The
ilution of gp64 Ab for the western blot was 1/500 followed by overnight incubation
hereas for the HRP Ab was 1/2000 followed by 1 h incubation.

atio reported for virus. For example, purified adenovirus vectors
ave a 260/280 absorbance ratio between 1.29 and 1.35 [30]. Con-
equently, peak 2 was identified as BV.

.3. Protocol development and optimization

.3.1. BV peak separation
The same linear method was used to analyze a culture super-

atant containing BV. However, resolution was very poor causing
djacent peaks to overlap with the BV peak (data not shown). The
ethod was therefore modified to resolve the BV peak in culture

upernatant samples. This was accomplished by using a combina-
ion of step and linear gradients. By using an initial step gradient
f 16.5% B, the contaminants that were overlapping the BV peak
ere completely eluted from the column before the start of a lin-

ar gradient prior to the elution of the BV from the column. The
inear gradient consisted of increasing the % B from 16.5 to 24 at

rate of 75 mM NaCl/min. The labeled standard was fractionated
sing the modified elution profile that resulted in three (3) well
esolved peaks (Fig. 2B, solid line). The BV peak eluted in ∼8.9 min

t a salt concentration of ∼480 mM (NaCl). The identity of the BV
eak was confirmed by gp64 western blot (Fig. 2D). The third peak,
hich was later identified to be residual DNA based on the anal-

sis of a lambda double stranded (ds) DNA (Fig. 1B, dotted lines),
luted in ∼14.1 min. BV supernatant labeled under the same con-
(C) Separation of BV in the cell culture supernatant under optimized conditions of
separation. (D) gp64 western blot analyses of BV peak. Lane 1: BV standard. Lane 2:
BV peak.

ditions as the standard, and analyzed using the modified method,
also showed three (3) well resolved peaks (Fig. 2C).

3.3.2. Labeling efficiency and evaluation of critical operating
parameters

In preliminary experiments, labeling kinetics and stability of
dye-genome complex were assessed for both the standard and
a cell culture supernatant containing BV. Both the standard and
supernatant achieved greater than 90% of their maximum peak
area within 2 h. The maximum peak area for both the standard and
supernatant was reached by 3 h. The peak area for the standard
was stable for 7 h with a maximum relative standard deviation of
9%, compared to the average peak area for that same time. All peak
areas observed from the analysis of the infected culture supernatant
were within 8% of the average over a10 h incubation period.
To further improve the labeling conditions and establish the
limits of operation the effect of incubation temperature, SGI con-
centration and Triton X-100 membrane permeabilization were
evaluated.
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Fig. 3. (A) Effect of different incubation temperatures on labeling. BV standard and
supernatant were incubated with 1× SYBR Green I for 1 h at 4 ◦C, 25 ◦C and 37 ◦C. Con-
trol is the same sample as those described but without incubation with SYBR Green I.
All three temperatures were suitable for labeling the standard with no difference in
the peak area obtained while 37 ◦C was the most efficient labeling temperature for
the crude BV. (B) Effect of SYBR Green I concentration on BV detection. The standard
was labeled with 1×–5× SYBR Green I for 1 h in the dark at 37 ◦C. No difference in the
peak area was observed. The main difference was the shift in baseline as the SYBR
Green I concentration was increased. (C) Effect of membrane permeabilization with
Triton X-100. BV supernatant was permeabilized with 0.001%, 0.005% and 0.01% of
Triton X-100 for 1 h at 37 ◦C, 25 ◦C and 4 ◦C and labeled with 1× SYBR Green I for
1 h. Control sample (0.00%) was the same supernatant but with no Triton X-100.
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no virus peak was discerned from the chromatograms.
ermeabilization with 0.001% and 0.005% at 37 C showed the same BV peak area
s the control, while 0.01% resulted in a significant decrease in the BV peak area.
ermeabilization at 25 ◦C and 4 ◦C with all three concentrations of Triton X-100 did
ot improve the BV detection compared to 37 ◦C incubation.

.3.3. Incubation temperature
The benefit of SGI labeling at different temperatures was eval-

ated as the fold increase in the BV peak area after the addition of

GI. The fold increases from labeling the standard were 20, 16 and
7 for the 4 ◦C, 25 ◦C and 37 ◦C incubation temperatures, respec-
ively (Fig. 3A, left panel). The fold increases obtained from adding
GI to the supernatant containing BV were 2, 17 and 19 for the
atogr. B 879 (2011) 61–68 65

4 ◦C, 25 ◦C and 37 ◦C incubation temperatures, respectively (Fig. 3A,
right panel). The results showed that for the crude BV preparation,
37 ◦C was the most suitable incubation temperature. This incuba-
tion temperature resulted in the greatest peak area increase—an
increase that was similar to what was achieved for the standard.
The lower efficiencies obtained when incubation was carried out
at 4 ◦C and 25 ◦C is assumed to be due to composition of the super-
natant. Unlike the standard, which was prepared in a Tris–HCl
buffer (favorable for labeling), the supernatant was spent culture
medium, which may contain various types of contaminants. Fur-
thermore, it has been suggested that the entry of the dye to an
encapsidated genome is by diffusion [31]; therefore, although the
mechanisms governing this diffusion were not elucidated in this
study, we assumed that the supernatants could be considered more
viscous because of the presence of cellular DNA fragments, which
could delay the contact of the dye to the virus particle. This is in
part supported by the large “first” peak detected by fluorescence
from the chromatogram of supernatant containing BV (Fig. 2C).

3.3.4. Effect of SYBR Green I concentration on labeling
To determine whether the SGI concentration had an effect on

labeling, the standard was incubated with SGI at concentrations
between 1× and 5× SGI. The results showed negligible difference
in the overall increase in peak area for the different concentrations
tested (data not shown). The main difference observed was with the
HPLC profiles when the SGI concentration was increased (Fig. 3B).
As can be seen, when using SGI at 1× and 2×, the baseline is rela-
tively flat with the virus peak easily extracted; however, when the
SGI concentration was increased to 3× and 4×, a significant shift in
the baseline was observed. This shift was even more pronounced
at 5× SGI. Because there was no difference in profile between the
uses of SGI at 1× or 2×, all subsequent analyses were done using
SGI at 2× concentration. 2× was chosen to minimize the possibility
that the dye was a limiting factor in the staining of the BV genomes.

3.3.5. Effect of Triton X-100 membrane permeabilization
Triton X-100, a non-ionic surfactant, has been shown to enhance

the labeling of virus particles for detection by flow cytometry (Shen
et al., [17]). Since labeling of virus in the supernatant was not as
efficient at lower temperatures, the effect of adding different con-
centrations of Triton X-100 to the detection of BV in cell culture
supernatants was investigated.

When incubating samples at 37 ◦C, the addition of Triton X-100
at 0.001% and 0.005% resulted in only ∼4% increase in the BV peak
area compared to the control (Fig. 3C). At a concentration of 0.01%, a
marked decrease (∼95%) in the BV peak area was observed (Fig. 3C).
These results suggested that after 1 h of incubation at this tempera-
ture, without permeabilization, the dye–genome complex reached
saturation. These results also suggest that increasing Triton X-100
beyond 0.005% causes the BV particle to degrade.

Unlike at 37 ◦C, there was an increase in the observed peak area
for increasing Triton X-100 concentrations when the sample was
incubated at 25 ◦C (Fig. 3C). Incubating the sample with 0.001% Tri-
ton X-100 increased the peak area by a factor of 1.5. Increasing
the concentration of Triton X-100 to 0.005 and 0.01% resulted in a
∼4-fold increase in peak area.

Although BV was detected when the labeling process was
conducted at 4 ◦C, it was the worst temperature of the three tem-
peratures examined (Fig. 3C). The addition of Triton X-100 did not
improve this result. In all samples treated with Triton X-100 at 4 ◦C,
These results showed that labeling the virus at 37 ◦C allowed the
largest BV peak to be observed and that the addition of Triton X-100
did not better these results. The use of Triton X-100 was therefore
deemed unnecessary in this protocol.
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were the same as those spiked concentrations except that they were
prepared in the Tris–HCl buffer blank. The recoveries/accuracies
obtained for the spiked 5 × 107, 1 × 108 and 1 × 109 VP/ml were
77%, 81% and 101%, respectively.
ig. 4. The method specificity was demonstrated by comparing the chromatogram
hose obtained when these samples were spiked with a known quantity of BV (3
upernatant; (D) Sf9 cell culture supernatant spiked with BV (3 × 108 BV/ml).

.4. Method validation

.4.1. Specificity
To look at the specificity of the method, the standard was spiked

nto a Tris buffer or a non-infected cell culture supernatant. Alone,
o peaks were detected for the Tris buffer blank (Fig. 4A); therefore,
he buffer did not interfere with the interpretation of the chro-

atogram. When the buffer was spiked with the concentrated BV,
he virus peak was clearly detected and highly resolved (Fig. 4B).
he cell culture supernatant showed a significant amount of small
ucleic acids that elute before the expected elution point of bac-
lovirus (Fig. 4C) and are probably the same contaminants that
re seen in the concentrated standard (Fig. 4B). The Sf9 cell cul-
ure supernatant did show a small but detectable peak (Fig. 4C)
here we expected to see BV. The size of this peak would rep-

esent ∼5 × 107 VP/ml if not accounted for in the conversion of
eak area to BV particle count. The area of the peak after spiking
he supernatant (3 × 108 VP/ml) increased ∼4-fold, and was well
esolved from any other peaks that were present in the cell culture
upernatant (Fig. 4D).

.4.2. Linearity, limit of detection and limit of quantification
The method was linear over 3 orders of magnitude with a corre-

ation coefficient (R2) of 0.9743 (Fig. 5) based on serial dilutions
f the standard. Injections of the standard having 1 × 107 VP/ml
ere not detectable. The limit of peak detection corresponded to a

ample having a concentration of 5 × 107 VP/ml. The lower limit of
inearity (and lower limit of quantification) was 1 × 108 VP/ml.
.4.3. Precision
The intra-assay precision obtained for the standard as mea-

ured by the % relative standard deviation (%RSD) was less than
0% (Table 1(A)) whereas for the inter-assay precision, the %RSD
as less than 5% (Table 1(B)). For a cell culture supernatant con-
ained from buffer (20 mM Tris–HCl, pH 7.5) and an Sf9 cell culture supernatant to
BV/ml). (A) Buffer; (B) buffer spiked with BV (3 × 108 BV/ml); (C) Sf9 cell culture

taining BV, the %RSD for the intra-assay precision was less than 10%
(Table 2(A)) whereas for the inter-assay precision the %RSD was less
than 10% (Table 2(B)). The %RSD for the retention time was less than
1% for both samples (data not shown).

3.4.4. Accuracy/recovery
To determine whether the supernatant interfered with the

quantification, a cell culture supernatant containing BV was ana-
lyzed following being spiked with different concentrations of BV
(5 × 107, 1 × 108 and 1 × 109 VP/ml). The theoretical concentrations
Fig. 5. Linearity of HPLC assay. Black squares are data included in the linear range
of the calibration curve. Open circles are below the linear range of the assay and
below the limit of quantification. Error bars represent the standard deviation from
replicate measurements (n ≥ 2).
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Table 1
Assay precision of the baculovirus quantification in the standard based on HPLC
measured peak areas.

(A) Intra-variation

Injection # Day 1 Day 2 Day 3 Day 4 Day 5

1 8.0 × 107 8.1 × 107 8.5 × 107 8.3 × 107 8.3 × 107

2 8.9 × 107 8.8 × 107 8.5 × 107 8.9 × 107 7.9 × 107

3 9.2 × 107 8.7 × 107 8.2 × 107 8.2 × 107 8.9 × 107

4 9.9 × 107 8.8 × 107 8.3 × 107 8.8 × 107 9.1 × 107

5 9.3 × 107 8.2 × 107 8.2 × 107 7.5 × 107 7.9 × 107

Mean 9.0 × 107 8.5 × 107 8.3 × 107 8.3 × 107 8.4 × 107

SD 7.0 × 106 3.6 × 106 1.5 × 106 5.7 × 106 5.5 × 106

RSD 8% 4% 2% 7% 7%

(B) Inter-variation

Day 1 Day 2 Day 3 Day 4 Day 5 Mean SD RSD

9.0 × 107 8.5 × 107 8.3 × 107 8.3 × 107 8.4 × 107 8.5 × 1073.0 × 106 4%

Table 2
Assay precision of baculovirus quantification in cell culture supernatants based on
HPLC measured peak areas.

(A) Intra-variation

Injection # Day 1 Day 2 Day 3 Day 4 Day 5

1 8.8 × 106 8.6 × 106 6.7 × 106 7.4 × 107 6.6 × 107

2 8.1 × 106 8.7 × 106 7.4 × 106 8.5 × 106 7.2 × 106

3 7.9 × 106 9.0 × 106 7.3 × 106 7.3 × 106 7.6 × 107

4 7.6 × 106 8.2 × 106 6.4 × 106 6.8 × 106 7.3 × 106

5 7.3 × 106 7.3 × 106 7.9 × 106 6.9 × 106 7.3 × 106

Mean 8.0 × 106 8.4 × 106 7.1 × 106 7.4 × 106 7.2 × 106

SD 5.7 × 105 6.8 × 105 5.8 × 105 6.7 × 105 3.5 × 105

RSD 7% 8% 8% 9% 5%

(B) Inter-variation

3

t

F
m
D
a
a
a

Day 1 Day 2 Day 3 Day 4 Day 5 Mean SD RSD

8.0 × 106 8.4 × 106 7.1 × 106 7.4 × 106 7.2 × 106 7.2 × 1065.7 × 105 8%
.5. Quantification of different BV stocks

The applicability of the developed method was demonstrated by
he analysis of different BVs in culture supernatants and comparing

ig. 6. (A) Comparison of HPLC peak areas vs. particle count from flow cytometric
ethod (FACS). Solid line is the calibration curve established from semi-purified BV.
ashed curves are the 95% confidence interval of the calibration curve. Open circles
re cell culture supernatants quantified by flow cytometry (FACS) and HPLC (peak
rea). (B) Cell culture supernatants quantified by both EPDA (TCID50) and HPLC (peak
rea).
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the peak areas obtained with two other independent assays (end-
point dilution and flow cytometry) for each sample (Fig. 6). Both
independent methods show strongly correlated results to this HPLC
method. All stocks quantified by both flow cytometry (FACS) and
HPLC resulted in data that lied within the 95% confidence interval
of the previously established calibration curve (Fig. 6A). It should
be noted that baculovirus supernatants with high concentrations of
baculovirus tended to give larger peak areas compared to their flow
cytometric measures. As a result, for virus in culture supernatants,
a working range between 1 × 108 and 1 × 109 VP/ml correspond-
ing to a peak area between 2 × 105 and 2 × 106 is recommended.
The correlation coefficient, R2, against the end-point dilution titers
was 0.88 (Fig. 6B), further supporting the usefulness of this HPLC
method in establishing infection conditions.

4. Concluding remarks

This study increases the toolset available for those who want to
foray into the use of BV technology. This HPLC method is able to
isolate the BV in a single well defined peak after labeling with SYBR
Green I fluorescent dye. The strength of this rapid in process method
lies in its capacity to cover multiple orders of magnitude and the lit-
tle preparation needed to detect the virus. Lastly, there is a potential
to automate the method and improve its robustness by stream-
lining the viral genome labeling step and the sample preparation
sequences. Work is in progress to achieve this goal.
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