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Real-time tracking of virus invasion is crucial for understanding viral infection mechanism, which, however,
needs simple and efficient labeling chemistry with improved signal-to-noise ratio. For that purpose, herein
we investigated the invasion dynamics of respiratory syncytial virus (RSV) through dark-field microscopic
imaging (iDFM) technique by using Au nanoparticles (AuNPs) as light scattering labels. RSV, a
ubiquitous, non-segmented, pleiomorphic and negative-sense RNA virus, is an important human pathogen
in infants, the elderly, and the immunocompromised. In order to label the enveloped virus of
paramyxoviridae family, an efficient streptavidin (SA)-biotin binding chemistry was employed, wherein
AuNPs and RSV particles modified with SA and biotin, respectively, allowing the AuNP-modified RSVs to
maintain their virulence without affecting the native activities of RSV, making the long dynamic
visualization successful for the RSV infections into human epidermis larynx carcinoma cells.

O
ptical imaging has been widely used in biology and medicine1–4, wherein traditional organic dyes and
fluorescent proteins are commonly used as tags in bio-labeling because of their brightness over a short
period5,6. However, the usefulness of these tags over comparative long periods is limited owing to their

photobleaching properties and low emission efficiency. Quantum dots (QDs), although successfully applied in
imaging owing to their bright emissions and possessed greater photostability than organic dyes6–12, are easily
aggregated and potential toxic13–15. Compared with other labeling materials, on the other hand, gold nanoparticles
(AuNPs) appear to be superior as they have high levels of biocompatibility, unique optical properties for localized
surface plasmon resonance (LSPR), and strong light scattering properties at their plasmon resonance fre-
quency16–19. Therefore, it is crucial to choose the label materials so as to real-time visualize and track the dynamic
processes, for example, how an individual virus particle infects cells17,20–23. Therefore, many researchers have
adopted different labeling approaches, such as QDs label and immunofluorescent protein label, to study viral
invasion24–26, so that it is much better understanding the true mechanism(s) of virus invasion, which is crucial to
prevention and control of viral diseases.

For real-time tracking of viral infection processes, it is basic to use fluorescence microscopy during the imaging
process21–23,27. Compared to fluorescence microscopy imaging, dark-field microscopic imaging (iDFM) technique in
which white light source was employed under a dark-field microscope to get scattering light signal, owing to metal
nanoparticles of localized surface plasmon resonance28, can resist photobleaching to keep signal intensity, so that the
dark-field microscope which have been applied for long-time observing gets the images with high resolution and
sensitivity. Based on this superiority, researchers have made significant contributions using iDFM technique for
targeting cancer cells19, intracellular imaging29,30, drug release and photothermal therapy of cancer cells31–34.

There have been few reports regarding real-time iDFM technique through light scattering to dynamically track
the entrance of virus such as RSV into cells, human epidermis larynx carcinoma (HEp-2) cells, for example, to
infect disease. Even if being too small to be observed, but if modified with AuNPs, the virus can be easily observed
through the strong light scattering for a long time without affecting its native activities. RSV has a diameter
ranging 150–300 nm, is a ubiquitous, non-segmented, pleiomorphic and negative-sense RNA virus, which is
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crucial for the immunocompromised such as infants, and the eld-
erly35,36. Our objectives were to efficiently label RSV with AuNPs, and
conduct real-time imaging of RSV infecting HEp-2 cells. By using
streptavidin (SA) modified AuNPs in this contribution, which could
then have strong affinity to bind biotin-modified virus through bio-
tin-NHS interactions with the amino groups on the viral surface, we
could observe real time track single virus particles under a dark field
microscope in the light scattering mode, and successfully monitor the
viral infection over long periods.

Results
Features of the labeling chemistry. Fig. 1 shows our monitoring
strategy for the viral invasion of cells, which generate AuNPs
modified with SA. AuNPs were stable in solution because they
were coated with a charged citrate layer on the surface. The citrate
layer on the surface of AuNPs could be easily replaced in the presence
of neutral or negatively charged SA in neutral medium, and the
excessive active sites, which failed to be replaced on the surfaces,
were blocked with further addition of bovine serum albumin (BSA).

The as-prepared AuNP-SA particles were centrifuged and sus-
pended in phosphate-buffered saline (PBS). Then, the purified
AuNP-SAs were used to label the RSV, which had been previously
modified with biotin-NHS through interactions between the amino
groups on the surface of RSV and biotin-NHS (Fig. 1). Owing to the
strong light scattering of localized surface plasmon resonance (LSPR)
resulted at the plasmon resonance frequency, the RSV labeled with
AuNP (AuNP-RSV) could be clearly observed under a dark-field
microscope.

Fig. 2 shows the optical features of different size of AuNPs with
modifications with SA suspensions. It can be seen that the modifica-
tions of AuNPs, which have maximum absorption at 522, 518, 524,
and 528 nm for AuNPs of 6.5, 13, 30, and 50 nm, respectively, have
slight red shift owing to the attachment of SA and BSA onto the
AuNP surface. The zeta potential of AuNPs was altered when their
surfaces were modified (Fig. 3a), and viability assay of cells showed
that the different size of AuNP-SAs had no obvious toxicity to cell

growth and proliferation (Fig. 3b). These results showed that the
various proteins were successfully bound to the surface of AuNPs.
And AuNPs modified with SA and BSA did not show aggregation
tendency to be stable in PBS buffer and had good biocompatibility.

Features of AuNP-labeled RSVs. Transmission electron micro-
scopy (TEM) Images (Fig. 4) clearly showed the different charac-
teristic features of both unlabeled and AuNP-labeled RSVs. The
unmodified virus had a smooth membrane surface (Fig. 4a,
appeared to be round or kidney shaped, with a diameter of about
200 nm, while the 13-nm AuNP-RSVs contained some AuNPs at the
edge of the viral membrane, and on their surface (Fig. 4b). The 30-nm
AuNP-RSVs, however, had less AuNPs attached compared with the
13-nm AuNP-RSVs. Further experiments illustrated that AuNPs
with a smaller size had a greater propensity for labeling RSV,
which might be because of the lower steric hindrance. In addition,
the 13-nm AuNP-RSVs displayed better light scattering than the 30-
nm AuNP-RSVs, which made us chose the 13-nm AuNP-RSVs for
our real-time imaging experiments.

In order to find whether our labeling has effect on the virus, we
measured the titers of viruses, which were expressed as the 50% tissue
culture infectious dose (TCID50) (Fig. 5) and the investigation of
syncytium formation (Supplementary Fig. S1). The titers of RSV,
biotin-RSV, and RSV labeled with AuNPs (AuNP-RSVs) of 6.5, 13,
30, and 50 nm were 2.6 3 107, 1.4 3 106, 1.0 3 106, 7.6 3 105, 6.6 3
105, and 2.5 3 105 TCID50/mL, respectively, showed that labeling
with AuNPs can scarcely exert influence on viral infectivity. After the
HEp-2 cells were infected by RSV and biotin-RSV, respectively, and
had been cultured for 24 h, the syncytium formed and could be easily
observed (Supplementary Fig. S1). This result showed our labeling
without effect on viral infectivity again. Moreover, with respect to the
effects of AuNP size on RSV virulence, we found that TCID50 values
were similar except in the case of 50 nm AuNPs; Thence small size
AuNPs were ideal labeling materials for our experiments.

Invasion of RSV labeled with AuNPs into host cells. Fig. 6 showed
the results of the invasion of RSV labeled with AuNPs into HEp-2

Figure 1 | Schematic outlining the generation of AuNPs conjugated with SA and RSV labeled with AuNP-SAs, then AuNP-RSVs invaded HEp-2
cells.
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host cells. Owing to the light scattering of the cellular medium and
the reflection light beam, the internals and outline of the HEp-2 cells
could be observed under the DFM in light scattering mode (Fig. 6a).
As it can be seen, the unmodified AuNPs can scarcely be non-
specifically adsorbed on the cellular membrane (Fig. 6b), but the
AuNPs modified with proteins can not be non-specifically
absorbed completely (Fig. 6c and 6d). In other word, the active

sites on the surface of AuNPs could be successfully blocked by
using BSA. Fig. 6e showed that the HEp-2 cells could be easily
observed for the AuNPs-modified RSV has been adsorbed on the
cell surface, wherein AuNPs-modified RSV has strong light
scattering signals owing to the localized surface plasmon resonance
(LSPR) (Fig. 6e). That is to say, AuNP-RSV was able to attach to the
cellular membrane by binding to the appropriate receptor on the

Figure 2 | UV-vis absorption spectra of AuNPs (black line), Au-BSA (red line) and Au-SA (blue line). The insets are the SEM images of AuNPs either

modified or non-modified. The scale bars indicate 50 nm.

Figure 3 | Characterization of AuNP-SAs. (a) Zeta potential of AuNPs, AuNP-BSAs and AuNP-SAs used in our experiments. (b) CCK-8 detection of the

viability of HEp-2 cells incubated with 6.5, 13, 30 and 50 nm AuNP-SAs at different concentrations for 24 h. Error bars represented the standard

deviation from three replicated experiments.
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surface of the cell. In order to further identify the authenticity of
result, we prepared QDs-labeled RSV by conjugating streptavi-
dinylated quantum dots with biotin-RSV, and used it to image the
infection process by fluorescence microscope (Supplementary Fig.
S2). Furthermore, the immunofluorescence images of AuNP-RSVs
and RSVs infecting cells at various post-infection time had been
acquired (Supplementary Fig. S3). The results showed that the
QDs-labeled RSV and AuNP-labeled RSV had the same infection
routes with non-labeled RSV, indicating that the AuNP labeling had
no obvious effect on RSV infection. In such case, Fig. 6e further
indicated that the location of AuNPs on the cell membrane
represented the location of viruses invading cells. The results and
trends for AuNPs of different size were consistent (Fig. 6). Compared
with AuNPs of a larger size, the light scattering of AuNPs with a
diameter of 6.5 nm was weak. The results indicated that the size of
AuNPs and the effects of AuNP size on RSV virulence should be
considered when using iDFM technique in light scattering mode to

monitor viruses infecting cells (Fig. 5 and Fig. 6). That means, AuNP-
viruses with diameters of 13 and 30 nm were appropriate for dark-
field imaging.

Real-time dark-field light scattering imaging. The 13-nm AuNP-
RSVs were used for real-time imaging, with those particles scattering
orange light. The 30-nm AuNP-RSVs scattered light to a much less
extent than that with the 13-nm particles, illustrating that smaller
AuNPs were more likely to bind to RSV (Figure 5). In such case, the
13-nm AuNP-RSVs were successfully used to achieve superior real-
time imaging results. As the movie (supplementary movie A)
showed, the virus rapidly invaded the cellular membrane (red
arrow) when the 13-nm AuNP-RSV solution was added (Fig. 7),
indicating that RSV quickly invades host cells. Some AuNP-RSVs
linked on the cell membrane when presented for a short time, and
with increase of the time (100 s, for instance), they moved across the
cell membrane. The entire invasion processes for the 13-nm AuNP-
RSVs was between 1–2 min. During the invading process, the
number of viral particles that moved across HEp-2 cells also
increased (supplementary movie B), further illustrating that RSV
labeled with 13-nm AuNPs were ideal because of the relatively low
levels of steric hindrance. The real-time imaging of RSV infecting live
cells can be achieved by monitoring the scattering light of AuNPs
bound to the virus.

Discussion
AuNPs of different size were used to label RSV to facilitate real-time
imaging of viral infection, displaying that AuNPs with the diameter
of 13 nm could be successfully applied for the virus labeling in order
to observe their invasion into cells. That means the invasion of a cell
by viruses can be successfully monitored by measuring the scattered
light from the AuNPs under a dark-field light scattering microscopy.
The labeling strategy was simple and highly efficient, and the use of
AuNPs as labels did not appear to adversely affect the infectivity of
RSV, indicating that AuNPs with the size of 13 nm are a superior
alternative for tracking viral infection without any obvious damage
to cells even if real-time imaging conducted for long periods.

Methods
Materials and reagents. Respiratory syncytial virus (RSV) strain and human
epidermis larynx carcinoma cell lines (HEp-2 cells) were cultivated and obtained in
our own laboratory. Streptavidin (SA) was purchased from Beijing Boisynthesis
Biotechnology Co. Ltd. (Beijing, China). Bovine serum albumin (BSA) was purchased
from Beijing Dingguo Changsheng Biotechnology Co. Ltd. (Beijing, China). Biotin
was purchased from Thermo (U.S.A). Streptavidin2quantum dot (QD) conjugates
were purchased from Jiayuan Quantum Dot Co. Ltd. (Wuhan, China). Other
commercial reagents such as HAuCl4 and trisodium citrate were analytical reagent
grade without further purification. All the above reagents were prepared with Milli-Q
purified water (18.2 MV).

Figure 4 | TEM images of RSV (a) and RSV labeled with 13-nm AuNPs (b). The white arrows indicate the 13-nm AuNP-RSVs. The scale bars indicate

100 nm.

Figure 5 | Titers of the various virus conjugates with different size of
AuNPs. 96-well plates were used to culture HEp-2 cells. Then the AuNP-

RSVs solution with serially diluted by RPMI 1640 culture medium were

added to the cells and infected for 2 h at 37uC. The infected cells in 96-well

plates were cultured about 7 days. TCID50 was calculated to quantify the

titer of RSV.
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Preparation of AuNPs. The preparation of 13 nm Au Nanoparticles (AuNPs) was
performed according to the well-established method for AuNPs synthesis37. 2 mL
HAuCl4 (1%, w/w) and 50 ml H2O were added in a clean flask. Heat up the solution
with magnetic stirring and add 1 mL 5% sodium citrate to the solution quickly when
boiling. Allow the system to reflux for 5 min, then stop heating and continue stirring
until cooling to room temperature. AuNPs were filtered by 0.22 mm membrane and
stored in 4uC fridge. Monodispersed AuNPs of varying sizes, including 6.5, 13, 30 and
50 nm, were prepared by altering the quantity of HAuCl4 and reducing agents (see
Supplementary Methods).

Conjugation and characterization of AuNP-SAs. AuNPs conjugated with SA
(AuNP-SAs) were prepared by incubating the as-prepared AuNPs with different sizes
of 6.5, 13, 30 and 50 nm with SA (the corresponding concentration was 32, 80, 30 and
100 mg?L21) for about 30 min at room temperature. The concentrations of the
AuNPs were calculated to be 5.24 3 1028, 6.94 3 1029, 1.32 3 10210 and 2.69 3

10211 M. After that, BSA was used further to react for 30 min in order to block the
excessive binding sites on AuNPs surface after the incubating reaction. The
concentration of BSA was 64, 100, 80 and 350 mg?L21, respectively. Spectroscopic
properties and hydrodynamic diameter of AuNPs, AuNP-BSAs and AuNP-SAs were
measured with a U-3010 spectrophotometer (Hitachi, Tokyo, Japan) and a Zetasizer
Nano ZS90 (Malvern Instruments), respectively.

Cell culture and cells viability assay. The 2 3 105 cells?mL21 HEp-2 cells in RPMI
1640 culture medium containing 10% (w/v) fetal bovine serum (FBS) were first added
to each well of a 96-well plate (100 mL per well), and cultured at 37uC with 5% CO2 for
24 h to make cells adhere to the surface. For another 24 h the culture medium was
replaced with 100 mL of RPMI 1640 (2% FBS) containing different amounts of bulk
6.5, 13, 30 and 50 nm AuNP-SAs, respectively. Then, cells were incubated with the
CCK-8 solution for 30 min after 96-well plate have been washed with PBS. The
absorbance (450 nm) for each well was measured with a Microplate Reader Modle.
Cell viability was determined by comparing the ratio of absorbance of the cells
incubated with AuNP-SAs to that of the cells incubated with culture medium only.

Virus propagation. RSV was propagated in monolayer culture of HEp-2 cells at 37uC
with 5% CO2 in RPMI 1640 culture medium (2% FBS). At 1–2 days post infection,
when the cytopathic effect (CPE) could be observed, the cell were subjected to 2–3
rounds of freeze-thaw cycles to release viruses and cell debris were removed by
centrifugation at 3000 g for 10 min. The harvest RSV was stored at 280uC.

Virus titer assays. 50% tissue culture infective dose (TCID50) was used to quantify the
titer of RSV. 96-well plates were used to culture HEp-2 cells in culture medium for
about 24 h at 37uC with 5% CO2. Then the AuNP-RSVs solution with serially diluted
by RPMI 1640 culture medium were added to the cells and infected for 2 h at 37uC.
The infected cells in 96-well plates were cultured in RPMI 1640 culture medium
supplemented with 2% FBS at 37uC with 5% CO2 for about 7 days. Then TCID50 was
calculated according to the Reed-Muench formula: TCID50 5 dilution above 50%
CPE 1 [(% next above 50%) 2 50%]/(% next above 50% 2 (% next below 50%)) 3

log10.

Label of virus with AuNPs. RSV biotinylation was carried out by incubating viral
suspension and biotin of 1 mg?mL21 for about 2 h at 4uC, and then excessive biotin
was removed by a desalting NAP-5 column (GE Healthcare). The AuNP-SAs and
biotin-virus were mixed and reacted for about 10 min at 4uC. The control virus and
AuNP-RSVs were characterized with TEM (JEM 1200EX, Japan Electronics Co. Ltd.)
in terms of their size, morphology and labeling decorated situation by dropping the
virus or AuNP-RSV onto the copper grid and negatively staining.

Dark-field light scattering imaging. HEp-2 cells were cultured on 12-well plates of
coverslip for about 24 h in an incubator to reach 50% confluence before infection.
Then 100 mL biotinylated viruses and 100 mL PBS buffer were successively added to
12-well plates and incubated for 20 min at 4uC, spare virus solution was removed and
cells in 12-well plates were rinsed. 400 mL AuNP-SAs with 1.5 pM for 6.5 nm, or
1.5 pM for 13 nm, or 2.0 pM for 30 nm, or 2.0 pM for 50 nm were added and
incubated for 30 min at 4uC. Then cells were fixed with 4% paraformaldehyde, sealed
with glycerin, and then transferred for dark-field light scattering imaging under an

Figure 6 | Dark-field light scattering images acquired during viral infection. The control group is represented by HEp-2 cells (a). HEp-2 cells were

incubated with AuNPs (b), AuNP-BSAs (c), AuNP-SAs (d) and AuNP-RSVs (e). The scale bars indicate 20 mm.
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Olympus BX-51 microscope (Tokyo, Japan) with a 403 objective, which was
equipped with a highly numerical dark field condenser (U-DCW). The colorful dark-
field light scattering photographs of the AuNPs labeling virus were captured with an
Olympus E-510 digital camera (Tokyo, Japan).

Real-time imaging of AuNP-RSVs infection cells. HEp-2 cells were cultured on a
home-made plate for about 36 h at 37uC with 5% CO2. AuNP-RSVs were added to
cells and achieved real-time dark-field imaging of virus infecting cells for 20 min at
the room temperature. This process was acquired with a dark-field microscope
(Tokyo, Japan) with a 403 objective in a polarized light of ND6.
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