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a b s t r a c t

The utility of a new instrument for rapid virus quantitation, the Virus Counter, was evaluated in a
blind study conducted at three sites. This instrument is a substantially improved version of the origi-
nal academic research instrument described previously by Stoffel and Rowlen (2005a). The addition of
hydrodynamic focusing, a self-contained fluidics system and customized software for system control
eywords:
aculovirus
laque assay
irus Counter
ecombinant protein

and data analysis has resulted in a commercially viable and available design. Baculovirus samples were
provided by Protein Sciences Corporation and blinded to InDevR and Baylor College of Medicine. Protein
Sciences Corporation and Baylor College of Medicine analyzed the samples by plaque assay and InDevR
analyzed the samples using the Virus Counter. Serial dilution of stock viruses into growth media and
buffer allowed for comparison of measured versus intended concentrations. Direct log-scale comparison
between pooled Virus Counter results and pooled plaque assay results indicated a linear relationship

) wit
irus quantitation (slope = 1.1 ± 0.2, R2 = 0.86

. Introduction

Recombinant protein production is performed commonly using
he baculovirus expression vector system (BEVS) (Hitchman et al.,
007; Holtz et al., 2003; Kost et al., 2005; Wang et al., 2006). The
EVS offers advantages over other methods for the production of
roteins used in pharmaceuticals, vaccines and pesticides (Cox,
005, 2008; Hopkins and Esposito, 2009; Nettleship et al., 2010;
rowitzsch et al., 2010). To best utilize the BEVS it is necessary to
ccurately quantify virus concentration during viral stock prepa-
ation and recombinant protein production. In many situations,
esearchers and production facilities would be able to make more
nformed decisions and better optimize their process if virus con-
entrations could be determined quickly. A rapid determination of
irus concentration, whether it be total virus particle concentra-
ion or infectious dose, would be beneficial throughout production
hen there is not enough time to wait days or longer for results

rom standard assays. A rapid analysis method would allow for
Please cite this article in press as: Ferris, M.M., et al., Evaluation of the Virus
doi:10.1016/j.jviromet.2010.10.010

emi real-time monitoring to identify any potential issues and opti-
ization of the process. For example, losses could be minimized

f failed virus amplification were identified early (Dutton, 2008).
his could be determined by monitoring total particle count and
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166-0934/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jviromet.2010.10.010
h statistically significant Pearson correlation (r = 0.93, p < 0.001).
© 2010 Elsevier B.V. All rights reserved.

does not require infectious count results. To address these needs,
the Virus Counter’s ability to provide rapid baculovirus quantita-
tion was evaluated relative to the plaque assay in a blind study
conducted at three sites.

The gold standard for viral titering is the plaque assay, which
provides viral titer based on infected cells producing plaques.
Plaque assay results provide a concentration of infectious virus
particles or plaque-forming units (pfu/mL). The plaque assay for
baculovirus requires between 4 and 10 days to complete, with
research efforts commonly bottlenecked by this step. Also, many
facilities have established their own protocol for plaque assays with
slight variations throughout which have been proven to influence
the viral titer accuracy (Roldão et al., 2009). A more rapid assay
could significantly streamline research and development efforts.
While there are alternative analytical methods available, such as
50% tissue culture infectivity dose assay (TCID50) (Darling et al.,
1998), end-point dilution assays (Lynn, 1992), transmission elec-
tron microscopy (TEM) (Borsheim et al., 1990), quantitative PCR
(qPCR) (Lo and Chao, 2004) and traditional flow cytometry (Shen
et al., 2002), each of these methods has a set of limitations and
none are ideal as a rapid and inexpensive alternative to the plaque
Counter® for rapid baculovirus quantitation. J. Virol. Methods (2010),

assay. The limitations of current assays have motivated researchers
to develop new analytical methods with the goals of addressing
the market need for a rapid virus quantitation assay that is linear,
precise and robust. Additionally, ideal methods would be easy to
use and allow for high sample throughput (Kalbfuss et al., 2008).

dx.doi.org/10.1016/j.jviromet.2010.10.010
dx.doi.org/10.1016/j.jviromet.2010.10.010
http://www.sciencedirect.com/science/journal/01660934
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dx.doi.org/10.1016/j.jviromet.2010.10.010
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he Virus Counter, which represents a new method for baculovirus
uantitation, was evaluated for its ability to meet these needs.

The Virus Counter is a specialized flow cytometer designed to
rovide rapid virus quantitation for liquid samples. The instrument
nd assay represent a time and cost-effective alternative for deter-
ination of baculovirus concentration. While an early academic

rototype using the same detection principle was presented pre-
iously by Stoffel and Rowlen (2005a), drastic improvements have
ince been made to produce a commercially available and viable
nstrument. These improvements have produced a system that is

uch more efficient, accurate and easy to use with a well-defined
ssay protocol. The Virus Counter has transitioned from a laser
able with attached components in a dark room controlled by a
raduate student to a robust and self-contained design that can be
perated by a laboratory technician. Specifically, the Virus Counter
tilizes hydrodynamic focusing of the sample instead of direct
ow through a capillary to improve detection efficiency from 17%
o ∼100% (Stoffel and Rowlen, 2005a). Additionally, the commer-
ial Virus Counter incorporates a completely self-contained fluidics
ystem that is capable of real-time control and measurement of
ample flow rates as well as intuitive software for integrated sys-
em control and data analysis. In the Virus Counter assay, intact
irus particles are quantified by detecting fluorescence from par-
icles containing colocalized proteins and nucleic acids (Stoffel
t al., 2005b). Two dyes, one specific for proteins and one specific
or nucleic acids, are used to stain samples in a 30-min incuba-
ion step. This unique, non-specific staining process eliminates the
eed for target-specific reagents which are used in traditional flow
ytometry (Kuzushima et al., 1999; Schulze-Horsel et al., 2008). The
emoval of a multi-step antibody staining procedure increases the
ase of use for the operator and reduces assay costs. The instru-
ent quantifies the concentration of virus particles (vp/mL) based

n the number of events occurring simultaneously on the two dis-
inct fluorescence channels and the measured sample flow rate.
imilar to TEM, the Virus Counter reports a total virus particle
oncentration (Borsheim et al., 1990), which tends to be higher
han infectivity assay results but lower than results obtained by
PCR.

A comparison of baculovirus quantitation results from the Virus
ounter, relative to plaque assay, was conducted in this collabora-
ive study involving InDevR, Protein Sciences Corporation (PSC) and
he Baculovirus/Monoclonal Antibody Facility at the Baylor College
f Medicine (BCM). Virus Counter results are evaluated relative to
laque assay results from these two labs, with each lab performing
heir own unique plaque assay protocol.

. Materials and methods

.1. Virus samples

Protein Sciences Corporation (Meriden, CT, USA) donated and
repared all samples for this study. A recombinant baculovirus,
ransfected into Sf-9 cells, was propagated and scaled up in
xpresSf+ cells to virus passage P5. Virus stocks were prepared using
500 mL culture of expresSf+ insect cells (Spodoptera frugiperda)

rown in Protein Sciences Fortified Media (PSFM) using a 3 L
pinner flask. expresSf+ insect cells and PSFM are proprietary to
rotein Sciences Corporation (PSC, Meriden, CT, USA). Cultures
ere allowed to grow for 18–24 h to a viable cell density of
1.5 × 106 cells/mL for infection at a multiplicity of infection (MOI)
Please cite this article in press as: Ferris, M.M., et al., Evaluation of the Virus
doi:10.1016/j.jviromet.2010.10.010

f 0.1 pfu/cell using a virus stock of ∼5 × 107 pfu/mL. This MOI is
ommonly used for virus amplification (Tsai et al., 2007). After
nfection, the culture was incubated at 27 ◦C on a stir plate set at
00 rpm. Harvest time (68–77 h post infection, hpi) was determined
hen a late stage of infection in the majority of cells was indi-
 PRESS
al Methods xxx (2010) xxx–xxx

cated based on cell morphology characteristics (e.g., visible budded
virus, cell lysis) and a viable cell density of <50%. All cell density and
viability measurements were made using the CEDEX AS20 Cell Ana-
lyzer (Innovatis, Bielefeld, Germany). At harvest, the culture was
centrifuged for 15 min at 4500 rpm and 4 ◦C. The virus stock (i.e.,
supernatant) was then decanted and stored in the dark at 4 ◦C.

Virus stocks used in this study were initially plaque titered
within 2 weeks of the stock’s preparation and diluted samples
were prepared 1 month after stock production. Baculovirus stocks
remain stable for up to 50 days while stored at 4 ◦C (Jorio et al.,
2006) and Protein Sciences Corporation considers the virus sta-
ble for 8 weeks from the date of production. The stock used
to prepare the diluted samples (1a–7a and 1b–7b) had an ini-
tial plaque assay titer of 1.7 × 108 pfu/mL. Dilutions within each
series were limited to those that would produce a virus concen-
tration between 1 × 105 and 1 × 109 pfu/mL. Dilution series (N = 7
in each series) of this stock were prepared in two different dilu-
ents. Diluent “a” was PSFM and diluent “b” was InDevR’s Sample
Dilution Buffer (SDB) (InDevR, Boulder, CO, USA). Samples within
each dilution series were blinded and labeled with a sample ID
and stored at 4 ◦C until distribution to Baylor College of Medicine
and InDevR. The positive control was a baculovirus stock (P5) of
another cell membrane protein. It was prepared at the same time
and under the same conditions used to prepare the stock from
which the dilution series were prepared. Both sterile serum-free
media (PSFM) and membrane filtered InDevR SDB were used as
negative (−) controls. Samples and controls were shipped on ice
and stored at 4 ◦C until analysis. Protein Sciences Corporation and
Baylor College of Medicine performed plaque assays on the sam-
ples, while InDevR analyzed the samples using the Virus Counter.
All results were sent to Protein Sciences Corporation where they
were compiled, un-blinded and subsequently shared for analysis
and discussion.

2.2. Virus quantitation by Protein Sciences Corporation

Virus titers were expressed in plaque-forming units (pfu/mL) as
described by Summers and Smith (1987) and reviewed by O’Reilly
et al. (1994). Each sample, as well as each dilution of each sample,
was tested in triplicate. Wild-type baculovirus (∼1.0 × 108) was
included as an assay positive control (N = 3, 10−6 dilution), and a
negative control consisting of cells only was also included (N = 3).

Sf-9 insect cells were grown in Grace’s supplemented insect
media (TNM-FH) (SAFC Biosciences, Lenexa, KS, USA) to obtain
a culture at ≥1 × 106 cells/mL (pre-grown from starting viable
cell density of 0.75 × 106 cells/mL in TNM-FH media for less than
30 h). Cells were added to each 60 mm bacteriological petri dish
(∼2.5 × 106 cells) (BD Biosciences, Franklin Lakes, NJ, USA) and
incubated at room temperature for 60 min to allow cells to attach.

For each virus sample, appropriate dilutions were prepared
using TNM-FH media. Standard dilutions were 10−5 and 10−6, how-
ever, additional dilutions (e.g., 10−2 to 10−4) were used for samples
of expected low titer. After 60 min, the media was removed, with-
out disturbing the cell layer. Plates were inoculated with 1 mL of
the diluted virus sample of each selected dilution in 3 appropriately
labeled dishes. Positive and negative control dishes were inoculated
at the same time with 1 mL of the appropriate control. Each dish
was immediately rocked 3–5 times to ensure uniform distribution
of the virus and then incubated at room temperature for 60 min
with manual rocking every 15 min. A 50% mixture of 2× Grace’s
insect media/agarose overlay solution was prepared at 40 ◦C and
Counter® for rapid baculovirus quantitation. J. Virol. Methods (2010),

then added to each dish, avoiding disturbance of the cell layer.
Dishes were allowed to rest upright for 45 min to allow the agarose
overlayer to solidify. Dishes were then inverted inside a plastic con-
tainer with a dampened absorbent towel and incubated at 27 ◦C for
6 days after which dishes were examined under low magnifica-

dx.doi.org/10.1016/j.jviromet.2010.10.010
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ion with a Bausch and Lomb stereo zoom microscope (Bausch and
omb, Rochester, NY, USA) to count the number of plaques.

Plaque assay results (pfu/mL) were determined by multiplying
he average number of plaques by the appropriate dilution factor.
nly counts between 30 and 300 plaques per dish were deemed

tatistically significant. Negative control dishes were confirmed to
ot contain any plaques or microbial contamination.

.3. Virus quantitation by Baylor College of Medicine

Recombinant baculovirus samples (diluted samples along with
he positive and negative controls) were received from Protein Sci-
nces Corporation at 4 ◦C and immediately transferred to a 4 ◦C
old room where they were stored in the dark until analysis.
laque assays conducted at Baylor College of Medicine were per-
ormed using modifications of the plaque assay from Summers and
mith (1987), similar to Protein Sciences Corporation. Low passage
<30) Sf-9 cells, grown in Grace’s insect media plus 0.1% Pluronic
68 (Invitrogen, Carlsbad, CA, USA) and 10% heat-inactivated fetal
ovine serum (Sigma, St. Louis, MO, USA), were added to 60 mm
asy GripTM cell culture dishes (BD Biosciences, Franklin Lakes, NJ,
SA) at 1.25 × 106 cells per dish and allowed to attach for 60 min
t 27 ◦C. Nine dishes were prepared for each sample to be titered.
ne dish of Sf-9 cells was included as a negative control for each
ssay.

Viral samples were diluted serially in serum-free Grace’s insect
edia plus Pluronic F68 to 4 mL final volumes of dilutions at 10−5,

0−6, and 10−7. After 60 min, the media was removed from the
ells and replaced with 1 mL per plate of the appropriate viral
ilution. All dilutions were plated in triplicate for these assays.
ishes were rocked gently for 60 min in a 27 ◦C incubator. A 50%
ixture of 2× Grace’s insect media/agarose overlay solution was

repared at 37 ◦C and cooled at room temperature for 20 min before
se. At the end of the 60 min incubation, the dishes were trans-
erred from the incubator to the laminar flow hood, where the viral
noculum was aspirated from the dishes, in sets of 3, and 4 mL of
he Grace’s/agarose overlay solution was added to each dish. The
ishes were vented for 5 min, wrapped individually in parafilm, and
oved to a 27 ◦C incubator for 7 days.
After 7 days, dishes were unwrapped and 1.3 mL of 0.4% trypan

lue solution (Invitrogen, Carlsbad, CA, USA) was added on top of
he agarose in each dish and incubated for 5 min in the hood. The
rypan blue solution was aspirated completely, and the dishes were
laced back into the incubator for a minimum of 2 h before blue-
tained plaques were visually counted on an inverted Olympus
KX41 microscope (Olympus, Center Valley, PA, USA). Viral con-
entrations were calculated using the average count from 3 dishes
f the same dilution and multiplying that number by the dilution
actor (O’Reilly et al., 1994). The final concentration of each virus
as calculated by taking the average titer from each of the 3 dilu-

ions, excluding any set of titers at 1 dilution if the average was
1 pfu/dish. Having no prior knowledge of the titers of the supplied
amples, Baylor College of Medicine used their standard 10−5 to
0−7 dilutions only. These dilutions resulted in fewer statistically
ignificant results than Protein Sciences Corporation due to some
lates having very few or no plaques present.

.4. Virus quantitation by InDevR

Samples and controls supplied by Protein Sciences Corpora-
ion were analyzed at InDevR using the Virus Counter instrument
Please cite this article in press as: Ferris, M.M., et al., Evaluation of the Virus
doi:10.1016/j.jviromet.2010.10.010

nd assay. Samples were stored at 4 ◦C until use and were pre-
ared using reagents and methods supplied by InDevR according
o assay guidelines. Briefly, the Virus Counter instrument was val-
dated each day using a non-biological positive control to ensure
roper instrument function and performance. Virus samples and
 PRESS
al Methods xxx (2010) xxx–xxx 3

controls were prepared by first diluting them 10× in SDB and stain-
ing 200 �L of diluted sample with a working Combo Dye solution
(1:2, dye:sample ratio) (InDevR, Boulder, CO, USA). Daily samples
were stained and allowed to incubate for 30 min at room tem-
perature prior to analysis. A positive control was used to guide
the development of sample and matrix-specific settings for the
Virus Counter and these settings were used for the analysis of all
remaining samples and controls. All samples and controls were
analyzed multiple times (N ≥ 5) over multiple days (N = 3) by mul-
tiple users (N = 3) using multiple Virus Counter instruments (N = 3).
Settings were validated each day using the positive control and
inter-sample washes were used between all samples to prevent
sample carry over. Each sample required approximately 10 min for
analysis.

The Virus Counter’s Instrument Quantification Limit (IQL),
which defines the lowest concentration that the instrument can
report with statistical confidence, is ∼5 × 105 vp/mL. The linear
dynamic range for the assay is typically 5 × 105 to 1 × 109 vp/mL
for viruses in a clean matrix. For viruses in more complex matrices,
such as growth media, a Sample Quantification Limit (SQL) must be
determined. Generally, the SQL is greater than or equal to the IQL.
The SQL is determined experimentally from replicate analyses of
negative controls using Eq. (1):

SQL = Xneg + t99%(�neg) (1)

where Xneg is the mean value for N measurements of a negative
control, t99% is the statistical t value for N − 1 degrees of freedom
at 99% confidence, and �neg is the measured standard deviation for
the negative controls. For this study, negative controls were stained
and analyzed each day (N = 5) to determine the SQL.

All Virus Counter results were compiled, corrected for the initial
10× dilution in SDB and average results were reported to Protein
Sciences Corporation. Additionally, SQL values were reported for
each of the diluents along with instructions to not include any
results for which the average value was less than the corresponding
diluent’s SQL.

2.5. Statistical analysis

Correlation analyses of assay results determined the linear
association between the log-scale results of each assay. Pearson
correlation coefficients (r) and p-values were determined using
GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, USA).
Statistical significance for Pearson correlation analysis was deter-
mined when p values were less than 0.05. Linear regression analysis
was performed using Microsoft Excel 2007.

3. Results

Blind samples were provided in two dilution mediums and
were labeled 1a–7a and 1b–7b to distinguish the two sets. InDevR
analyzed each sample using three different users and multiple
instruments over a three-day period. Protein Sciences Corporation
and Baylor College of Medicine each performed plaque assays in
triplicate for each sample with each site performing their own vari-
ation of the plaque assay. The positive control had a reported titer
of 1.7 × 108 pfu/mL. The Virus Counter result for the positive con-
trol (1.1 × 109 vp/mL) was ∼10× greater than the reported plaque
assay titer while the measured plaque assay results from Protein
Sciences Corporation and Baylor College of Medicine for the posi-
tive control were lower (8 × 107 and 5.7 × 107 pfu/mL, respectively)
Counter® for rapid baculovirus quantitation. J. Virol. Methods (2010),

than the reported titer. Negative controls were used to determine
the Virus Counter’s SQL values for each dilution medium, and were
found to be 3.1 × 106 vp/mL for PSFM and 7.8 × 105 vp/mL for SDB.
A summary of samples and results is provided in Table 1. All mea-
sured Virus Counter results, equal to or lower than the SQL, were

dx.doi.org/10.1016/j.jviromet.2010.10.010
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Table 1
Summary of samples and results.

Sample IDa Intended titerb (pfu/mL) InDevR (vp/mL) PSC (pfu/mL) BCM (pfu/mL)

1a 1 × 108 (4 ± 3) × 108 (3.6 ± 0.4) × 107 (1.1 ± 0.3) × 107

2a 5 × 107 (1.4 ± 0.9) × 108 (1.60 ± 0.05) × 106 (5.8 ± 0.3) × 106

3a 1 × 107 (2.1 ± 0.9) × 107 (3 ± 1) × 106 (1.2 ± 0.2) × 106

4a 5 × 106 (1.0 ± 0.5) × 107 (5 ± 2) × 104 1.1 × 106

5a 1 × 106 <SQLc (8 ± 1) × 104 3.7 × 105

6a 5 × 105 <SQLc (1.7 ± 0.2) × 104 1.0 × 105

7a 1 × 105 <SQLc (1.3 ± 0.4) × 104 –d

1b 1 × 108 (3 ± 2) × 108 (3.4 ± 0.3) × 106 (1.0 ± 0.2) × 107

2b 5 × 107 (1.2 ± 0.6) × 108 (5 ± 1) × 105 (4.1 ± 0.2) × 106

3b 1 × 107 (1.7 ± 0.4) × 107 (4.8 ± 0.3) × 105 6.0 × 105

4b 5 × 106 (6 ± 2) × 106 (5.4 ± 0.9) × 105 1.0 × 105

5b 1 × 106 <SQLc (9 ± 1) × 104 2.0 × 105

6b 5 × 105 <SQLc (9.0 ± 0.9) × 104 –d

7b 1 × 105 –d (7 ± 1) × 104 –d

(+) Control 1.7 × 108 (1.1 ± 0.5) × 109 (8 ± 1) × 107 (5.7 ± 0.9) × 107

PSFM (−) control N/A Used to determine SQL –d –d

SDB (−) control N/A Used to determine SQL –d –d

a The letter within the sample ID indicates the diluent used. Un-blinding of the samples indicated that diluent “a” was PSFM growth medium and diluent “b” was SDB.
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slope value of 1.0 ± 0.3, but a decreased coefficient of determina-
tion (R2 = 0.82) while Protein Sciences Corporation’s results had
a markedly decreased slope of 0.5 ± 0.1 with an increased R2

value of 0.85. The Pearson correlation coefficients increased for the
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Fig. 1. Comparison of log-scale assay results for samples diluted in PSFM. Data points
represent the mean measured result of samples 1a–7a with error bars representing
±1� from the mean. Within the Virus Counter data set (triangles), the lowest three
values are shown as unfilled triangles to indicate that these values were below the
SQL determined for PSFM and were not included in the linear regression fit to the
data. Coefficients of determination (R2) for linear regression fits to the data were
0.81 for Protein Sciences Corporation (diamonds with a dashed line), 0.97 for Baylor
b Intended titer values were determined from dilution of a baculovirus stock, wh
c Indicates values that were below the Virus Counter’s measured SQL for the corr
d Indicates an uncountable or zero count for that sample.

ot included in the quantitative inter-assay comparison since they
ere not statistically different than the negative control. Plaque

ssay results too low to quantify accurately (as determined by each
ab’s protocol) were not reported and are indicated by a dash in
able 1. It should be noted that Protein Sciences Corporation was
ble to quantify all samples in the study given their prior knowledge
f the samples and subsequent use of additional dilutions (10−2 to
0−4) in their plaque assays. Baylor College of Medicine was unable
o observe plaque formation in these low titer samples due to the
se of their standard dilutions series (10−5 to 10−7).

Results from InDevR and Baylor College of Medicine were gath-
red and reported to Protein Sciences Corporation knowing only
he sample ID and reported concentrations for the controls. Dilu-
ion factors and intended concentrations were provided by Protein
ciences Corporation only after receiving results from InDevR and
aylor College of Medicine. Un-blinding of the samples revealed
hat samples 1a–7a were diluted in PSFM and that samples 1b–7b
ere diluted in InDevR’s SDB. The intended titer values listed for

ach sample are based on the plaque assay titer and the dilution fac-
or used to prepare each sample from the virus stock. All measured
nalysis results shown in Table 1 are the mean of the replicates
nalyzed by each lab, with listed error representing ±1� from the
ean.
The linear fit of each lab’s measured assay results, relative to

he intended titer, is shown in Fig. 1 for the samples 1a–7a (PSFM
edia). Virus Counter values less than the measured SQL in the

SFM media are shown in Fig. 1 (hollow triangles) but were not
ncluded in the linear regression analysis of the results. A loga-
ithmic scale is used in Fig. 1 to allow visualization of results over
he broad range of sample concentrations analyzed in this study.
earson correlation analysis revealed that results from the Virus
ounter (r = 0.94, p < 0.01) and Baylor College of Medicine (r = 0.99,
< 0.001) both correlated well with the intended titer values while

esults from Protein Sciences Corporation had the lowest correla-
ion (r = 0.90, p < 0.01). All assays correlated significantly (p < 0.01)
ith the intended titer according to the Pearson analysis. Linear

egression analysis revealed varying results for the Virus Counter
slope of 1.2 ± 0.1, R2 = 1.00), Baylor College of Medicine (slope
Please cite this article in press as: Ferris, M.M., et al., Evaluation of the Virus
doi:10.1016/j.jviromet.2010.10.010

f 0.81 ± 0.07, R2 = 0.97) and Protein Sciences Corporation (slope
f 1.1 ± 0.2, R2 = 0.81). The relative error in the Virus Counter’s
eported results ranged from 0.2 to 0.4 log vp/mL units, while Bay-
or College of Medicine and Protein Sciences Corporation’s relative
rror was from 0.01 to 0.1 log pfu/mL units. However, it should be
d been previously titered by plaque assay.
ding diluent (3.1 × 106 and 7.8 × 105 vp/mL for PSFM and SDB, respectively).

noted that the Virus Counter results represent replicate analysis
by 3 different operators, on 3 different instruments, over multiple
days. The plaque assay results represent the work of fewer techni-
cians (N ≤ 2) and the maximum number of replicates conducted on
the same day was 3.

Fig. 2 is a log–log correlation plot for samples 1b–7b, which
were prepared in SDB. A linear regression fit of the Virus Counter
results to the intended titer was obtained with an R2 value of
1.00, and a slope of 1.32 ± 0.04. Plaque assay results for sam-
ples 1b–7b were different from those for samples 1a–7a in that
Baylor College of Medicine’s measured results had an increased
Counter® for rapid baculovirus quantitation. J. Virol. Methods (2010),

College of Medicine (squares with a dot-dash line) and 1.0 for InDevR (triangles
with a solid line). Slopes of the regression fits were 1.1 ± 0.2 for Protein Sciences
Corporation, 0.81 ± 0.07 for Baylor College of Medicine and 1.2 ± 0.1 for InDevR.
Pearson correlation coefficients for the Virus Counter, Protein Sciences Corporation
and Baylor College of Medicine were r = 0.94 (p < 0.01), r = 0.90 (p < 0.01) and r = 0.99
(p < 0.001), respectively.

dx.doi.org/10.1016/j.jviromet.2010.10.010
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Fig. 2. Comparison of log-scale assay results for samples diluted in SDB. Data points
represent the mean measured result of samples 1b–7b with error bars representing
±1� from the mean. Within the Virus Counter data set (triangles), results for samples
5b and 6b are shown as unfilled triangles to indicate that these values were below
the SQL determined for SDB and were not included in the linear regression fit to
the data. Sample 7b returned a zero count and is not included in the figure or the
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or InDevR. Pearson correlation coefficients for the Virus Counter, Protein Sciences
orporation and Baylor College of Medicine were r = 1 (p < 0.001), r = 0.92 (p < 0.01)
nd r = 0.90 (p < 0.05), respectively.

irus Counter (r = 1.0, p < 0.001) and Protein Sciences Corporation
r = 0.92, p < 0.01) while results from Baylor College of Medicine had
decreased correlation (r = 0.90, p <0.05), but all were shown to be

ignificantly correlated (p < 0.05) to the intended titer. The plaque
ssay results for all samples are considered within a normal range
iven the generally accepted error level of the assay (Knipe and
owley, 2007; Mahy and Kangro, 1996).

Direct correlation between Virus Counter and plaque assay
esults was evaluated by combining the plaque assay titer values
rom Protein Sciences Corporation and Baylor College of Medicine.
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s shown in Fig. 3, linear regression analysis of the log of the average
irus Counter results (vp/mL) versus log of the average plaque assay
esults (pfu/mL) yields reasonable fit, with a slope of 1.1 ± 0.2 and
n R2 value of 0.86. Statistically significant correlation was deter-
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ig. 3. A log-scale correlation of Virus Counter and plaque assay results. Mean results
or all samples above SQL (i.e., both PSFM and SDB) are shown. Mean plaque assay
esults are the combined results from Baylor College of Medicine and Protein Sci-
nces Corporation. Error bars represent the standard error of the mean. The solid
ine represents a linear regression fit to the data and was obtained with a coeffi-
ient of determination (R2) of 0.86 and a slope of 1.1 ± 0.2. The Pearson correlation
oefficient was determined to be 0.93 (p < 0.001).
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mined by Pearson correlation analysis (r = 0.93, p < 0.001). Fig. 3
includes data for both diluents’ sample sets. The error associated
with the Virus Counter results represents that of multiple users
(N = 3), instruments (N = 3), and days (N = 3). Likewise, the combined
plaque assay results from Protein Sciences Corporation and Baylor
College of Medicine represent multiple users (N = 3) multiple labo-
ratories (N = 2) over multiple weeks time. Likewise, the combined
plaque assay results represent the normal protocol variation of the
assay practiced by each laboratory.

4. Discussion

Current baculovirus quantitation methodologies include plaque
assay, TCID50, quantitative PCR and TEM. Infectious assays are time
consuming with the plaque assay taking up to 10 days and TCID50
taking up to one week. TEM and qPCR are faster, both taking
only hours to complete and providing results in virus particles per
milliliter (vp/mL) and genome copies per milliliter (gc/mL), respec-
tively. While TEM and qPCR significantly shorten the analysis time,
there are still shortcomings to using these for baculovirus quantita-
tion. TEM is relatively expensive and few laboratories have access
to facilitate routine TEM analysis. Likewise, qPCR requires primers
specific to each virus of interest and amplifies all target nucleic
acid, whether from an intact virion or free nucleic acids in solution
(Borsheim et al., 1990; Lo and Chao, 2004).

The Virus Counter offers results in virus particles per milliliter
(vp/mL) with a 30-min preparation time and sample analysis in
less than 10 min. The Combo Dye used is not virus-specific and can
be used with a wide variety of viruses, including baculovirus, at
a significantly decreased cost compared to TEM. Our blind study
has shown that the Virus Counter provides results that correlate
in a statistically meaningful way (r = 0.93, p < 0.001) with average
plaque assay results from two different laboratories. Furthermore,
the average standard error of the mean for combined log results
was lower for Virus Counter (0.09 ± 0.03 vp/mL) than the plaque
assay (0.14 ± 0.06 pfu/mL).

The negative controls were required to ensure that the events
quantified by the Virus Counter were not due to matrix interfer-
ences. The fact that the measured values of the negative controls,
PSFM and SDB, were within an order of magnitude of the IQL indi-
cates that neither media presented significant matrix interference
issues. As expected, PSFM had an SQL value greater than that for
SDB since PSFM is a complex growth medium and SDB is a sim-
ple buffer solution. The positive control, identified as a high titer
stock similar in approximate titer and composition to that used to
prepare the unknown dilutions, was used to establish quantitation
settings for the Virus Counter.

A detail not apparent from Table 1 is the analysis time for each
assay. Virus Counter analysis by InDevR was completed in 3 days.
This time period included running each sample multiple times on
multiple instruments over a 3-day period. Analysis of a single sam-
ple required only ∼10 min. Plaque assay analysis requires longer
times to allow for infection and the formation of plaques. Baylor
College of Medicine was able to return results to Protein Sciences
Corporation within 3 weeks of receiving samples and Protein Sci-
ences Corporation’s analysis required ∼2 weeks. Baylor College of
Medicine and Protein Sciences Corporation’s mean measured titer
values were an average of 11× and 25× less than the intended titers,
while Virus Counter results were an average of 3× greater than the
intended titer values. This is not surprising given that the Virus
Counter® for rapid baculovirus quantitation. J. Virol. Methods (2010),

Counter quantifies all virus particles while the plaque assay only
counts infectious virions.

This study also highlights the variability of baculovirus titers
determined by plaque assay, often considered the gold stan-
dard for virus quantitation. Protein Sciences Corporation and

dx.doi.org/10.1016/j.jviromet.2010.10.010
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aylor College of Medicine have well-established and validated
rotocols for their plaque assay methods, but obtained differ-
nt baculovirus titers. Both methods have differences that could
ccount for the variation between the two facilities’ measured
esults. Baylor College of Medicine uses half the cell density
1.25 × 106 cells/dish) for virus inoculation than Protein Sciences
orporation (2.5 × 106 cells/dish). Also, Protein Sciences Corpo-
ation prefers a manual rocking method over Baylor College of
edicine’s automatic rocking after the virus has been added to

he cells. Another important difference is the procedure once the
garose overlay has been prepared. Baylor College of Medicine
llows the mixture to cool for 20 min, then adds the solution to the
ish and after 5 min wraps the dish in parafilm and incubates the
ishes upright. Protein Sciences Corporation allows the solution
o solidify in the dish for 45 min while in the hood before plac-
ng the dishes inverted in the incubator. It has been determined
reviously that non-efficient virus/cell contacts due to cell concen-
ration at the time of infection and agarose overlay temperature
an affect the amount of plaques that form causing a reduced titer
Roldão et al., 2009). While both of these protocols are valid for
aculovirus quantitation, the small differences in methods could
ertainly manifest in variation in results. We believe that these
inor differences between labs are common and that the observed

ariation in plaque assay results is representative of inter-lab vari-
tion for the assay.

Baylor College of Medicine and Protein Sciences Corporation
lso observed a difference in the Pearson correlation coefficient
nd linear fit between the two suspension matrices, PSFM and SDB.
hile these differences cannot be attributed to a single factor, they

re most likely due to an intricate combination of assay differences,
ser error and matrix differences. These results indicate that the
laque assay has several factors that may affect the accuracy and
recision of resulting viral titers (Roldão et al., 2009), and does not
lways represent the gold standard that many assume.

The data presented in this study show that the Virus Counter
s capable of providing rapid baculovirus quantitation with results
hat significantly correlate (r = 0.93, p < 0.001) with plaque assay
iter values. In addition, the Virus Counter exhibited better corre-
ation with the intended titer value (r = 0.94 for PSFM and r = 1.0 for
DB) than did the plaque assay, indicating greater accuracy. Addi-
ionally, precision for the Virus Counter was better than that of the
ombined plaque assay, as indicated by a lower average standard
rror of the mean. Overall, the data indicate that the Virus Counter
rovides a reliable means to quantify baculovirus samples above
106 vp/mL in a fraction of the time required to conduct a plaque
ssay.
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