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Rapid and efficient detection of viral infection is crucial for the prevention of disease spread during an outbreak and for timely
clinical management. In this paper, the utility of Tat peptide-modified molecular beacons (MBs) as a rapid diagnostic tool for the
detection of virus-infected cells was demonstrated. The rapid intracellular delivery mediated by the Tat peptide enabled the de-
tection of infected cells within 30 s, reaching saturation in signal in 30 min. This rapid detection scheme was coupled with flow
cytometry (FC), resulting in an automated, high-throughput method for the identification of virus-infected cells. Because of the
2-order-of-magnitude difference in fluorescence intensity between infected and uninfected cells, as few as 1% infected cells could
be detected. Because of its speed and sensitivity, this approach may be adapted for the practical diagnosis of multiple viral

infections.

Testing for viral infection in a clinical setting is of extreme im-
portance for identifying the appropriate treatment. In addi-
tion, a rapid method to identify the presence of viral infection is
also of paramount importance for the military because of the po-
tential threat of biological warfare agents. Since the efficacy of
most antiviral drugs is the greatest when administered within 48 h
of infection (1), rapid diagnosis allows a more timely application
of these medications. This could have a direct implication in de-
creasing the potential of disease dissemination, mortality, cost,
and the overall response time (2).

Traditionally, viral infection has been identified using cell cul-
ture, antibody binding to viral antigens, and/or amplification of
the viral genome by PCR. Cell culture for viral propagation takes
days before positive identification—if the virus grows in culture at
all. PCR-based methods are substantially faster, but the require-
ments of DNA/RNA extraction and inhibitor removal before am-
plification usually require 3 to 4 h of analysis time (3). Direct
antigen detection in infected cells by immunofluorescence is per-
haps the fastest method but still requires incubation with labeled
antibodies and washing before detection of an optical signal (4).

The development of improved molecular methods for rapid
and quantitative detection of infectious viruses has received in-
creased attention in recent years. The use of molecular beacons
(MBs) that are single-stranded, fluorescently labeled oligonucleo-
tide probes with a stem-loop structure is of particular interest as
they offer the capability for in vitro and in vivo detection of a
cDNA/RNA target based on the spontaneous increase in fluores-
cence (5-8). Molecular beacons have been employed for various
applications, such as in vitro hybridization assays (9-11), RNA
imaging (12), and real-time detection of DNA-RNA hybridization
in living cells (13). Although MBs have been commonly used for
intracellular detection of gene expression, their application for the
in vivo detection of viral RNA have only been reported recently
(14). The use of nuclease-resistant MBs enables the real-time de-
tection of viral replication in living cells via Tat peptide delivery
(15). Due to the exquisite sensitivity of MB to detect even 15 cop-
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ies of mRNA per cell (13), cells infected as early as 15 min can be
detected using this method.

Because of the rapid intracellular delivery, one logical exten-
sion of the MB technology is to explore its potential as a diagnostic
tool for the detection of virus-infected cells. Even though fluores-
cence microscopy can be used for detection, this procedure is
tedious and is not amenable to automation. To achieve auto-
mated, high-throughput sample processing, the use of flow
cytometry (FC) is ideal, as it offers the capability of both quanti-
tative and parallel sample analyses. Although flow cytometry has
been used to detect different types of viruses (16-20), most re-
ported methods are laborious, since they involve multiple cell fix-
ation, permeabilization, labeling, and washing steps. In this paper,
we report a simple and separation-free detection scheme for in-
fected cells that requires no pretreatment by using Tat peptide-
delivered MBs. Poliovirus (PV) was used as a model virus to dem-
onstrate this new process.

MATERIALS AND METHODS

BGMK cell culture. Buffalo green monkey kidney (BGMK) cells were
cultured in autoclavable Eagle’s minimal essential medium (AMEM) with
Earle’s salts (Irvine Scientific, Santa Ana, CA) containing 0.075%
NaHCO;, 10 mM nonessential amino acids (NEAA; Gibco BRL, Grand
Island, NY), 2 mM L-glutamine (HyClone, Logan, UT), 20 mM HEPES
(pH 7.4), 100 mg/ml penicillin, 100 U/ml streptomycin (HyClone), and
8% (vol/vol) fetal bovine serum (FBS; HyClone). Cells were grown in an
incubator maintained at 37°C and 5% (vol/vol) CO,. Phosphate-buffered
saline solution (PBS; 0.01 M phosphate, pH 7.4, 0.138 M Na Cl, and 2.7
mM KCl) and Tris-buffered saline solution (TBSS; 0.05 M Tris, pH 7.4,
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0.28 M NaCl, 10 mM KCl, and 0.82 mM Na,HPO,) were used during the
washing steps for BGMK cell culture.

Virus preparation. Poliovirus type 1 (PV1) (strain LSc) was obtained
from American Type Culture Collection (ATCC VR-59) and propagated
in BGMK cells for up to 5 days at 37°C. The virus stock was harvested and
purified by using the freeze-thaw method and extracting the cell lysate
with chloroform (21). The fresh virus stock was stored as 500- .l aliquots
at —80°C until use.

Plaque assay. The PV1 virus stock was thawed, and then a series of
10-fold serial dilutions in 1X PBS was prepared. BGMK cells that were
90% confluent and 1 day old and grown in 12-well, 22.1-mm dishes (Co-
star; Corning) were infected with 1 ml of virus dilution. After 90 min of
adsorption at room temperature, the solutions were aspirated and 1 ml of
2% carboxymethylcellulose (CMC) sodium salt (Sigma-Aldrich) contain-
ing 100 ml of 2X AMEM (Irvine Scientific) with 2 ml of 7.5% NaHCO5, 4
ml of 1 M HEPES, 2 ml of NEAA, 5 ml of A/B-L (1,000 U/ml penicillin,
1,000 U/ml streptomycin, 2 mg/ml kanamycin, 2,000 U/ml nystatin, 80
mM L-glutamine), and 4 ml of FBS (Sigma-Aldrich) was added to each
well. After 5 days of incubation at 37°C, the CMC layer was removed and
the cells were stained and fixed with 0.8% crystal violet and 3.7% formal-
dehyde solution for 2 h. The excess stain was removed by washing with
deionized water, and virus plaques were counted to calculate the titer of
the stock.

Molecular beacon design. The MB-PV1 was configured from the se-
quences of poliovirus strains obtained from the GenBank database. To
study the thermodynamic properties and predict secondary structures of
the MB, a DNA folding program, mfold (www.bioinfo.rpi.edu), was used.
The molecular beacon (MB-PV1) (5'-6FAM-CGAGCGCCCAAAGTAG
TCGGTTCCGCC/thiol-DG/GCTCG-Dabcyl-3") [underlining shows
sequence complimentary to the poliovirus RNA; 6FAM, 6-carboxy-
fluorescein; Dabcyl, 4-(4-dimethylaminophenyl) diazenylbenzoic
acid] was designed to be perfectly complementary to a 20-bp region of
the 5" noncoding region of the poliovirus genome. A 2'-O-methylri-
bonucleotide backbone with phosphorothioate internucleotide link-
ages was incorporated into the beacon’s structure during synthesis by
TIB Molbiol. The thiol group near the 3’ end of the beacon is for
conjugation with a maleimide group attached to the C terminus of the
Tat peptide to form a thiol-maleimide linkage. The MB-PV1 was sol-
ubilized in 100 mM Tris-HCI (pH 8.0) buffer containing 1 mM MgCl,
to make a stock concentration of 100 wM and stored at —20°C as 50- .l
aliquots until use.

Peptide design. The C-terminally maleimide-modified Tat peptide
Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-Arg-N-CH,CH,-N-
maleimide (Global Peptide) was mixed with MB-PV1 in a molar ratio
of 1:1.5. The reaction was allowed to occur at room temperature in the
dark for 2 h to form a stable thiol-maleimide bond. The Tat peptide
conjugated with MB-PV1 (MB-PV1-Tat) was aliquoted and stored at
—20°C for experimental use.

Infection of BGMK with PV1. BGMK cells were grown in 8-well
Lab-Tek Chamber slides (Thermo Scientific-Nunc) at 37°Cin 5% CO,
(vol/vol) until 90% confluent. After aspirating the incubation me-
dium, the cell monolayer was washed twice with 1X phosphate-
buffered saline solution (PBS) and incubated with different concen-
trations of PV 1. The virus was allowed to adsorb to the cell surface for
30 min at 37°C, then the unbound virus particles were removed. The
infection was allowed to proceed for 18 h.

Delivery of Tat-conjugated MBs into infected cells. After 18 h of
infection, the incubation medium in the PV1-infected BGMK cell culture
was removed and replaced with 1X Leibovitz L-15 medium (Invitrogen).
The Leibovitz L-15 medium contains no phenol red and is a CO,-inde-
pendent medium, making it suitable for performing experiments using
the fluorescence microscope. MB-PV1-Tat (2 M) was slowly added to
the infected cells and incubated at 37°C in the dark for 30 min prior to
imaging and flow cytometry analysis.
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Flow cytometry analysis. After incubation, the medium was aspirated
from the cell monolayer and replaced with 0.1% trypsin in 0.05% EDTA
(Gibco) to detach the cells. A solution containing 10% FBS in 1X Tris-
buffered saline (TBS) was added to the detached cells to neutralize the
trypsin. Cells were harvested using a low-speed centrifuge at 1,500 rpm for
5 min. They were resuspended in 1X TBS containing 3 mM EDTA (pH
8.0) to avoid aggregation. A portion of the sample was aliquoted to ob-
serve under the microscope, while the rest was used for flow cytometry
analysis. Cells were sieved using a 35-pum nylon mesh cell strainer (BD
Biosciences) prior to flow cytometry analysis. The cells were analyzed
using the BD FACSAria cell sorting system using a 407-nm UV laser for
GFP excitation; the emission filter for detection was 520/20 nm. Data
acquisition (10° events per sample) and analysis were performed using BD
FACSDiva software.

Fluorescence microscopy and image processing. A Zeiss Axiovert 40
CFL inverted microscope supplied with an HBO 50 W/AC mercury lamp
(for fluorescence) and a 12-V, 35-W halogen lamp was used to perform
live-cell imaging. For each sample well, both phase contrast and fluores-
cence pictures were taken. Image acquisition and processing was carried
out using the Image-Pro analysis software (Media Cybernetics). All set-
tings for image capture were kept consistent, and the exposure time for
each sample was maintained throughout the course of the experiment.

Enumeration of fluorescent cells. To calculate the percentage of fluo-
rescent cells, multiple phase contrast images of each well were taken to
count the total number of cells. Simultaneously, the number of fluores-
cent cells was counted within those frames using the Image-Pro PLUS
analysis software.

RESULTS AND DISCUSSION

Rapid detection of PV1-infected cells. Rapid detection of virus-
infected cells is crucial in a clinical setting since the efficacy of most
drugs is the highest when administered within 48 h of infection.
Although the ability of the Tat-modified MBs for real-time track-
ing of virus replication has been demonstrated, it is important to
investigate whether the time scale of intracellular delivery and
hybridization is also suitable for rapid diagnosis. To address this
question, we performed an experiment in which BGMK cells were
infected with a low dose (0.0001 PFU/cell) of PV1 for 18 h. This
longer infection time was chosen to obtain samples representing
cells from the very early stages of infection to highly infected cells.
The infected cell suspension was mixed with 1 uM Tat-modified
MBs and immediately monitored in real time using a fluorescence
microscope. Fluorescent images were acquired every 5 s for 30 min
in a fixed area of exposure. Figure 1 shows the fluorescence images
at 6 different time points. Several fluorescent cells began to appear
as early as 30 s, and the fluorescence intensity within those cells
increased with time up to 15 min. This indicates that MB internal-
ization occurred rapidly within a few seconds and that highly in-
fected cells that have an abundance of the target viral RNA can
fluoresce immediately upon MB uptake. The gradual increase in
fluorescence intensity is consistent with the continuous MB inter-
nalization and hybridization to the target viral RNA with time.
The number of fluorescent cells also continued to increase with
time, reaching saturation at 30 min. The slight time delay observed
in some cells may be a result of the different stages of infection or
slightly different time scales for MB uptake. Collectively, this re-
sult suggests that 30 min of incubation is sufficient to distinguish
highly infected from uninfected cells using the Tat-modified MBs
based on fluorescence microscopy.

Detection of PV1-infected cells by flow cytometry. To evalu-
ate whether FC could be used to rapidly quantify the number of
infected cells in a sample composed of a mixture of infected and
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FIG 1 Real-time detection of PV1 in BGMK cells. Cells were infected with 10 PFU PV1 for 18 h, detached and incubated with 1 uM MB-PV1, and monitored
in real time from 0 to 30 min using a fluorescence microscope. The corresponding phase contrast picture is shown.

uninfected cells using the Tat-modified MBs, BGMK cells were
first infected with a high dosage (10° PFU) of PV1 for 18 h. In-
fected cells were detached using trypsin and mixed with different
amounts of uninfected cells to mimic different percentages of in-
fection (1%, 2%, 5%, 10%, 25%, and 100%). After incubating
with 1 wM Tat-modified MB for 1 h, cells were analyzed using a
flow cytometer. Cells were gated according to their size and gran-

ularity so as to include only intact cells. Figure 2 shows the repre-
sentative histograms from the flow cytometry (FC) analysis. A
strong fluorescence peak was detected for the infected cells be-
cause of the spontaneous hybridization of the MBs with the target
viral RNA; the average fluorescence intensity was roughly 2 orders
of magnitude higher than that observed for the uninfected cells,
indicating the absence of any false-positive signal. The number of
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FIG 2 Quantification of PV1-infected BGMK cells using flow cytometry. Confluent monolayers of BGMK cells (1.5 X 10° cells) in 8-well chamber slides were
infected with 10° PFU of PV 1. After 18 h of infection, cells were detached from the monolayer by using trypsin and mixed with uninfected cells to represent
different percentages of infection (0%, 1%, 2%, 5%, 10%, 20%, and 100%). Cells were washed with 10% FBS followed by 1X TBS with 3 mM EDTA (pH 8.0),
mixed with 1 WM MB-PV1, and subjected to flow cytometry. The corresponding fluorescence images for selected samples are included.
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FIG 3 The correlation between the percentage of fluorescent cells measured
by FC and the percentage of infected cells in the mixture. Data shown are
the mean values (= standard deviations) obtained from 3 independent
experiments.

fluorescent cells increased when an increasing percentage of in-
fected cells was mixed with uninfected cells. A linear correlation
between the percentage of fluorescent cells measured by flow
cytometry and the percentage of infected cells in the mixture (Fig.
3) was detected. This result validates that the detection of fluores-
cent cells by FC was a result of hybridization between the MB and
the target viral RNA. This result demonstrates conclusively that
the MB-FC assay can be used to distinguish infected cells from
uninfected cells based on the changes in fluorescence. Further-
more, the sensitivity of the assay was demonstrated, as it was able
to measure less than 1% infected cells in a population of infected
and uninfected cells.

To further confirm the FC-based assay, selected samples were
analyzed using conventional fluorescence microscopy (See insets
in Fig. 2). The percentage of fluorescent cells was calculated by
counting the total number of BGMK cells in the DIC image and
the corresponding fluorescent cells in the same image. In Fig. 4, a
direct comparison between the percentage of fluorescent cells mea-
sured from the FC assay and the fluorescence microscope is shown. A
linear relationship was observed between the two assays, indicating
that the FC-based assay can accurately detect and quantify the indi-
vidual fluorescent cells in the sample. While the fluorescence micro-
scope-based assay is useful for a qualitative understanding of the sys-
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FIG 4 Comparison of fluorescent cell detection by FC and fluorescence
microscopy. Various percentages of PV1-infected cells (0%, 1%, 2%, 5%, 10%,
20%, and 100%) were incubated with 1 M MB and analyzed using either flow
cytometry or fluorescence microscopy. The fluorescent and differential inter-
ference contrast (DIC) images from 5 different fields within the chamber well
were captured using X 20 magnification, and the percentage of fluorescent cells
was calculated. Data shown are the mean values (* standard deviations) ob-
tained from 3 independent experiments.
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FIG 5 Quantification of PV1-infected cells using flow cytometry. Confluent
monolayers of BGMK cells were infected with various doses of PV1 from 0
PFU to 10° PFU for 18 h. The percentages of infected cells shown in the graph
were determined by counting the number of fluorescent cells and dividing it by
the total number of cells counted.

tem and for visualizing virus-infected cells, the FC-based assay
provides a high-throughput and rapid flow-based detection system.

Quantification of cells infected with different PV1 dosages.
To further validate the utility of the FC assay for the detection of
real infected samples, BGMK cells were infected with various dos-
ages of PV1 from 0 PFU to 10° PFU (or a multiplicity of infection
[MOI] from 0 to 1 PFU/cell). After 18 h of infection, cells were
detached from the monolayer using trypsin and incubated with 1
M Tat-modified MBs for 30 min. Samples were analyzed by FC
as described above. As expected, there was a dose-dependent in-
crease in the percentage of fluorescent cells detected (Fig. 5), and
fluorescent signals were observed from cells infected even with 1
PFU of PV1 (Fig. 5). These results demonstrate the potential of the
MB-FC-based method for the direct detection of cells infected
even with a very low viral dosage.

Conclusion. In this paper, a new FC-based MB assay was de-
veloped as a sensitive diagnostic tool for the rapid and separation-
free detection of virus-infected cells. The use of TAT-modified
MBs enables the real-time detection of viral RNAs in infected cells
using any sample processing. We envision that this technique will
be useful for the clinical detection of cells infected with epidemi-
ologically important viruses, such as influenza virus. The ability of
the beacon to recognize even a single-nucleotide mismatch is
highly promising to differentiate between subtypes of influenza
viruses that possess a fairly conserved genome. By exploiting the
specificity of MB to differentiate between different subtypes of
viruses, the reported FC assay may even be adapted for the diag-
nosis of multiple viral infections.
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