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Respiratory syncytial virus (RSV) mediates serious lower respiratory tract illness in infants and young
children and is a significant pathogen of the elderly and immune compromised. Rapid and sensitive RSV
diagnosis is important to infection control and efforts to develop antiviral drugs. Current RSV detection
methods are limited by sensitivity and/or time required for detection. In this study, we show that antibody-
conjugated nanoparticles rapidly and sensitively detect RSV and estimate relative levels of surface protein
expression. A major development is use of dual-color quantum dots or fluorescence energy transfer nanobeads
that can be simultaneously excited with a single light source.

Respiratory syncytial virus (RSV) is the most important
cause of serious lower respiratory tract illness in infants and
young children worldwide, causing repeat infections through-
out life, and RSV may cause serious complications in the
elderly and immune compromised patients (1, 4–6, 8, 11, 14,
15). RSV generally initiates mild upper respiratory tract infec-
tion in young children, with infection rates approaching 50% in
the first year of life (9); however, up to 40% of infected chil-
dren develop serious lower respiratory tract disease, with a
substantial number of patients requiring hospitalization (10,
14). No safe and effective RSV vaccine is available, but immu-
noprophylaxis is available for certain high-risk infants, and
strict attention to good infection control practices may prevent
nosocomial RSV infection. The availability of sensitive diag-
nostics can signal the need to implement infection control and
guide the timing of immunoprophylaxis and may be used to
guide RSV antiviral treatment.

RSV diagnostics for patient management needs to be sen-
sitive, specific, and rapid, requiring direct detection of virus,
viral antigens, or RNA, usually in nasopharyngeal specimens.
RSV isolation in cell culture has been considered the reference
method, followed by immunofluorescence assay or enzyme im-
munosorbent assay; however, results from virus isolation stud-
ies are not rapidly available for patient management, and im-
munofluorescence assay and enzyme immunosorbent assay are
not sufficiently sensitive to detect infection in a substantial

portion of patients. Serological studies require seroconversion
and thus cannot be completed during the acute illness, and
PCR assays may be affected by template contamination and
false-positive results. We developed nanotechnology based on
the principles of microcapillary flow cytometry and single-mol-
ecule detection (2, 12) to detect RSV rapidly and with high
sensitivity. We used two types of fluorescent nanoparticles: (i)
40-nm carboxylate-modified fluorescent nanoparticles (G
nanoparticles, 505/515; R nanoparticles, 488/685; Molecular
Probes Inc.) and (ii) streptavidin-coated Quantum Dots (QDs,
488/605; QDC Corp.) (3). The microcapillary flow system is
integrated with a fixed-point confocal microscope with a high-
numerical-aperture 100� objective. At low concentrations, the
photons emitted from the nanoparticles in the confocal probe
volume (�2 fl) are spectrally separated and analyzed for co-
incidence of time of arrival at two avalanche photodiodes (13).
To detect RSV, 40-nm fluorescent nanoparticles were coupled
to either anti-RSV F protein (clone 131-2A; Chemicon Inter-
national, Temecula, CA) or anti-RSV G protein (clone 130-
2G; Chemicon) monoclonal antibodies (16) and allowed to
interact with RSV, and the photons produced by laser excita-
tion of the fluorophores passing through the confocal probe
volume were detected in real time. The system operates on the
concept that if two nanoparticles are free to move in a solution,
photons generated by them will arrive at the detector at dif-
ferent times unless they are bound to the same target. This
concept can be used to detect target molecules at low concen-
trations with high sensitivity and discriminate between aggre-
gate particles. Traditional fluorescent dyes are less suitable as
labels because they require excitation at two different wave-
lengths, making it difficult to ensure that all photon signals are
generated from the same probe volume. QDs and FRET nano-
particles used in this system are better suited because they can
be excited at the same wavelength while emitting at different
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FIG. 1. Schematic illustration of single-virus detection and surface protein determination. A virus bound with complementary nanoparticle-antibody
probes flows into a confocal volume (confined by blue lines), where fluorescent nanoparticles are excited by a laser. The photons from green and red
fluorescent nanoparticles are separated (spectra at the bottom) and analyzed for time correlation (coincidence). (a) The virus that does not bind to both
probes (left) will not show coincidence signals (dotted lines), while the virus that binds to both probes (right) will produce time-correlated photons from
the red and green detection channels. (b) When a single-color probe is used, the virus that binds to several probes (virus 1) will exhibit greater intensity
in the integrated photon count spectrum. The bottom graph shows the expected trend in average intensity calculated from several photon count spectra.

FIG. 2. Time-correlated coincidence signals for virus detection in so-
lution. Forty-nanometer nanoparticles conjugated to RSV anti-F or anti-G
protein monoclonal antibodies were used to produce red or green photon
emission, respectively. PIV3, used as a control, produced low red or green
photon counts and did not show coincidence signals (a), while coincident
peaks were observed for the RSV/A2 (b). The time for detection was 8 s,
and signals were acquired and analyzed in real time (without any delay).

FIG. 3. Time-correlated coincidence signals for virus detection in so-
lution. Forty-nanometer nanoparticles conjugated to RSV anti-F or an-
ti-G protein monoclonal antibodies were used to produce red or green
photon emission, respectively. RSV�G, used as a control, produced low
green photon counts, as expected, and did not show coincidence signals
(a), while coincident peaks were observed for RSV/A2 (b). The magni-
tude of the red channel signal for RSV�G was low compared to RSV/A2,
suggestive of lower F protein expression compared to RSV/A2. The time
for detection was 8 s, and signals were acquired and analyzed in real time
(without any delay). a.u., arbitrary units.
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colors, allowing dual-color, time-correlated detection of single
molecules and single virus particles.

To confirm the specificity of nanoparticle detection, we ex-
amined reactivity to uninfected Vero cell lysate, and sucrose
density-purified viruses RSV/A2, RSV�G (RSV mutant with
G protein gene deletion), and parainfluenza virus type 3
(PIV3) propagated in Vero cells (17). Purified virus (105 PFU/
ml) was incubated with R nanoparticles (anti-F protein) or G
nanoparticles (anti-RSV G protein) as previously described
(16). The microcapillary flow-based single-molecule detection
system was used to detect very low levels and possibly single
virus particles in solution based on the concept that at low
concentrations of nanoparticles, coincident photons will be
observed only if R and G nanoparticles bind to the same virus
particle (Fig. 1a). A similar scheme was used to estimate rel-
ative amounts of virus surface protein expression (Fig. 1b); that
is, if one type of virus particle has a higher level of protein
expression on its surface, it is likely to bind more of that
specific nanoparticle. Hence, the number of photons emitted in
the same amount of time will be greater, resulting in higher

FIG. 4. Measurement of RSV F protein expression on virus particles. QDs coupled with anti-RSV F protein monoclonal antibody and
incubated with different viruses generated different photon counts based on anti-F protein nanoparticle aggregation. No signal above the
unconjugated QD control was observed for PIV3. Differences in the signal intensities obtained between RSV/A2 and RSV�G are suggestive of
differences in the level of F protein expression.

FIG. 5. Virus protein expression determined by average photon
peak intensities. Photon counts were determined from 35 individual
runs (8 s each) and averaged for each virus. The bars indicate the mean
� standard deviations.
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intensity in the integrated photon count spectrum. This con-
cept was used to compare the level of F protein expression on
different RSV strains.

Figure 2 shows results obtained from photon coincidence
experiments for virus particle detection. PIV3 was used as the
negative control for nanoparticles conjugated to RSV F or G
protein monoclonal antibodies. For PIV3, the photon count
signal in both the red and green channels is low and there is no
coincidence between the signals in the red and green channels
(Fig. 2a). In contrast, for RSV/A2 viruses (Fig. 2b), there are
substantial coincident signals in the red and green channels,
confirming detection of virus particles. As an additional con-
trol, we examined the red and green channel signals for detec-
tion of RSV�G (Fig. 3) and did not detect substantial green
channel signals or red and green coincidence signals, indicating
the high specificity of nanoparticle detection. The results in
Fig. 2 also indicate that the intensity of photon count signals
may be used to estimate the relative level of virus surface
protein expression. The increase in photon counts in red and
the green channels reflects the number of nanoparticles reac-
tive with virus surface proteins and is independent of coinci-
dence signals. Thus, the photon count in the red or green
channel is lower for PIV3 and RSV�G compared to RSV/A2
(Fig. 2 and Fig. 3).

Interestingly, lower levels of R nanoparticle aggregation
were detected for RSV�G compared to RSV/A2 (Fig. 3). This
finding is noteworthy as sequential 3�-to-5� transcription of the
RSV genome is believed to result in higher levels of mRNA
transcripts by genes most proximal to the 3� promoter end (7);
thus, higher levels of surface F protein expression might be
anticipated by RSV�G compared to RSV/A2. To address this
result, we examined F protein expression on RSV�G, RSV/
A2, and PIV3 using anti-RSV F protein monoclonal antibodies
conjugated to QDs at the same concentration used for R nano-
particle detection. A representative experiment of more than
three separate experiments is shown in Fig. 4, and the average
intensity of photon counts obtained from 35 runs (8 s each) is
shown in Fig. 5. The intensity average was calculated after
removing peaks below 100 counts so that signals from single
QDs were eliminated. The average was calculated by dividing
the total peak intensity by the total number of peaks. As shown
in Fig. 4, and similar to the results obtained for R nanoparticles
(Fig. 2 and Fig. 3), the hierarchy of peak intensity for QDs that
react with RSV F protein is RSV/A2 � RSV�G � PIV3 �
blank. It is possible that the lower level of F protein expression
by RSV�G compared to RSV/A2 may be associated with al-
tered gene expression levels linked to changes in the gene end
termination signal that precedes the F protein gene, as changes

in this region may affect downstream gene expression levels
(18).

In summary, we show that nanoparticles can be used to
rapidly and sensitively detect virus particles and can be used to
estimate the relative amount of surface F protein expression
on RSV particles. These features may be useful in multiplexed
applications for detecting and differentiating various viruses
and other infectious agents in body fluid samples.
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