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S
ingle virus tracking presents a power-
ful tool for exploring the mechanisms
of viral infections. QDs, which have

remarkable brightness and photostability,
are excellent fluorescent probes for tracking
various biological processes,1�4 including
long-term visualization of the movements
of individual viral particles. Various func-
tionalizedQDs labeled on virus-like particles
(VLPs), non-enveloped or enveloped viruses,
combined with cell staining, have been used
to reveal previously unobservable infection
details and dynamic interactions between
viruses and cellular components.5�9

In the application of QDs for single virus
tracking, the most challenging problem is
how to tag QDs to viral particles without
affecting the viral entry routes. Several stud-
ies have demonstrated that QDs or other
nanoparticles can be encapsulated into a
viral capsid in vitro to form QD-containing
VLP (VLP-QD)9�11 or conjugated to the viral
surface after virus production.5�8,12�14 VLP-
QD is generated by self-assembly of purified

and concentrated major viral capsid pro-
teins in appropriate conditions in vitro, but
such an approach is not suitable for labeling
enveloped viruses because viral envelopes
are acquired from cell membranes when
budding from host cells.15 The most widely
used approach to label enveloped viruses
is to tag QDs to the viral surface through
biotinylation,6,7,14 modification with a click-
able group,16 or electrostatic attraction
force after treatment.12 However, most
cellular receptor binding sites, which are
essential for viral attachment and entry,
are located on the viral surface, thus tagging
QDs to viral surface proteins or modifying
the viral surface for labeling could affect
the efficiency of viral entry. In addition, QD
labeling was found to affect the trafficking
of various bioligands.17�21 When QDs are
tagged to the viral surface, the interaction
between viruses and host cells could be
artificially altered.17�21 Furthermore, mem-
brane fusion between the viral envelope
and the cellular membrane could result in
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ABSTRACT Utilization of quantum dots (QDs) for single virus tracking has

attracted growing interest. Through modification of viral surface proteins, viruses

can be labeled with various functionalized QDs and used for tracking the routes of

viral infections. However, incorporation of QDs on the viral surface may affect the

efficiency of viral entry and alter virus�cell interactions. Here, we describe that

QDs can be encapsulated into the capsid of vesicular stomatitis virus glycoprotein

(VSV-G) pseudotyped lentivirus (PTLV) in living cells without modification of the

viral surface. QDs conjugated with modified genomic RNAs (gRNAs), which contain a packaging signal (Psi) sequence for viral genome encapsulation, can be

packaged into virions together with the gRNAs. QD-containing PTLV demonstrated similar entry efficiency as the wild-type PTLV. After infection, QD signals

entered the Rab5þ endosome and then moved to the microtubule organizing center of the infected cells in a microtubule-dependent manner. Findings in

this study are consistent with previously reported infection routes of VSV and VSV-G pseudotyped lentivirus, indicating that our established QD packaging

approach can be used for enveloped virus labeling and tracking.
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disassociation of QDs with the viral capsid if QDs are
tagged to the viral surface,22�24 making it impossible
to trace the late events of viral entry. In contrast,
encapsulating QDs into enveloped viral capsids may
be one option to tackle these problems.
The HIV-1-based lentiviral system is a safe and useful

tool for studying enveloped viruses.25,26 Through
co-transfection of individual plasmids encoding HIV-1
structural proteins, enzymes, and genome RNAs, repli-
cation-deficient viruses with authentic viral struc-
tures can be generated (as illustrated in Figure 1, left).
By replacing the envelope protein-expressing plasmid,
different glycoprotein pseudotyped lentiviruses (PTLVs)
can be produced.25,26 Given that the entry pathways
of enveloped viruses are directed by viral envelope
glycoproteins, this system can be used for studying
the entry of different enveloped viruses.
Here we described an approach for encapsulating

QDs inside the core of VSV glycoprotein (VSV-G) pseu-
dotyped HIV-1-based lentivirus during virus assembly
in living cells. In the life cycle of HIV-1, the interac-
tion between Gag protein and packaging signal (Psi)
sequence on 50LTR of gRNA is critical for genome
packaging and virus assembly.27�29 Capsid protein of
red clover necrotic mosaic virus (RCNMV), a non-envel-
oped plant virus which employs a similar mechanism
to pack its two genomic ssRNAs, has been shown
to package nanoparticles (NP) conjugated with its
genomic RNA to formNP-containingVLPs.10,30Weadopt
a similar packaging strategy to encapsulate QDs into

VSV-G pseudotyped HIV-1-based lentivirus in living cells
instead of in vitro. Modified genomic RNAs (gRNAs) of
HIV-1-based lentivirus hybridized with QD-DNA probes
are delivered into packaging cells transfected with
plasmidswhich express structure andenvelopeproteins.
PTLV with QD labeling on the gRNAs can be obtained
during virus production in living cells (as illustrated in
Figure1, right). Using this approach, no surface modi-
fication of the virus is required and the entry route
and entry efficiency are not affected. Taken together,
we have established a QD-labeling approach by using
VSV-G PTLV as a model, and this technology may be
applicable for investigating the infection routes directed
by envelope proteins of other viruses.

RESULTS AND DISCUSSION

QD-based probes and beacons delivered into cells
have been used to image the behaviors of cellular
mRNA31 or viral components after infection.31,32 In the
current study, to produce QD-labeled PTLV, a QD-DNA
probe�gRNA complex was synthesized in vitro. Briefly,
a QD-DNA probe was formed by interaction between
a QD�streptavidin conjugate (SA-QDs) and biotiny-
lated DNA probes targeting genomic RNA (gRNA) of
HIV-1 lentivirus. The QD probe was then hybridized
with gRNAs produced by transcription in vitro to form
the QD-DNA probe�gRNA complexs. Interestingly, we
found that the length of the gRNAgreatly influenced the
packaging efficiency of the complex (data not shown).
While the mechanism is unclear, a modified gRNA with

Figure 1. Working principle of encapsulating SA-QDs into HIV-1-based lentivirus in living cells. In the HIV-1-based lentiviral
system, the packaging plasmids express HIV-1 structure proteins Gag, Pol, and envelope protein VSV-G, and the transfer
vectors generatinggRNAs containing apackaging signal are co-transfected into packaging cells. gRNAs are encapsulated into
the viral capsid through the interactionbetweenPsi andGagprotein. Generated PTLVs acquire the envelope bybudding from
the infected cells (shown in the left part). When the transfer vectors are replaced with SA-QD-labeled gRNAs (shown in the
right part), theQDs are encapsulated into the viral capsid togetherwith the gRNAs to generate PTLV-QD. PTLV=pseudotyped
lentivirus, LTR = long terminal repeat, Psi = packaging signal, gRNA = genomic RNA, SA-QD = QD625-streptavidin conjugate.
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deleted sequence that is not essential for virus assembly
and genome packaging was used to generate the
QD-DNA probe�gRNA complex in order to achieve
maximum efficiency. The complex was then delivered
into HEK293T transfected with structure protein and
envelope protein-expressing plasmids. This procedure
mimics the packaging behaviors of wild-type HIV-1.
Sucrose density gradient centrifugation (SDGC) was

employed to purify PTLV-QD from the supernatants
of packaging cells containing PTLV-QD, redundant
proteins, QDs, and QD-DNA probe�gRNA complexes
as reported.33 After SDGC, seven fractions were divided
and collected from top to bottom in the SDGC tube
(Figure 2a). F1, F2, and F6 showed fluorescence under
an ultraviolet lamp. Each fraction was further purified
to remove redundant sucrose. The final products were
collected in a tube and examined under an ultraviolet
lamp (Figure 2b). The content of HIV-1 structural protein
p24 in each fraction was examined by Western blotting
(Figure 2c). F6 contained the majority of p24, and it was
also the major fluorescent band. Therefore, this fraction
was collected for subsequent characterization.
To confirm that F6 (see above) contained QD-

labeled PTLV rather than a mixture of PTLV and QDs,
an immunofluorescence test was performed. The virus

solution was overlaid onto coverslips (Figure 3b)
or added to HeLa cells to allow virus attachment
(Figure 3a) and then immunostained with an antibody
against HIV capsid protein (p24). About 75�80%of p24
colocalized with QD signals, while most of the QDs
colocalized with p24, suggesting that the produced
PTLVs were labeled with QDs and all of the QD signals
represented PTLV particles. There were 20�25% of
unlabeled PTLVs (green) after purification, whichmight
be virus-like particles (VLPs) without genome formed
by Gag and VSV-G as reported34 or PTLV containing
gRNA without QDs.
PTLV-QDswerealsocharacterizedbyTEM(Figure2f�k),

while negative-staining reagent (Figure 2f), SA-QDs
(Figure 2g), and wild-type PTLV (Figure 2k) were used
as controls. After negative staining, pure SA-QDs showed
a dark electron dense core with a size of ∼10 nm
(Figure 2g). In the PTLV-QD sample, a dark electron
dense core with the same size was seen inside of the
virion (Figure 2h�j). Most PTLV-QDs showed similar
morphology as wild-type PTLV (Figure 2k), indicat-
ing that this labeling approach did not interfere with
viral morphogenesis. These results also confirmed the
colocalization results of p24-FITC and QDs, indicating
that QDs were encapsulated into PTLV rather than

Figure 2. Purification and characterization of PTLV-QD. (a) Image of the SDGC tube after the separation of PTLV-QD under a
UV lamp. (b) Image of fluorescent fractions F1, F2, and F6 under a UV lamp after further purification to remove sucrose.
(c) Content of p24 in F1�F7 analyzed by Western bloting. (d) Fluorescence spectra of PTLV-QD compared with QDs. (e) DLS
distribution versus Dh of PTLV-QD. (f�k) TEM images of negative staining reagent (f), SA-QD (g), PTLV encapsulating one QD
particle (h,i), two QD particles (j), and wild-type PTLV (k). All samples were stained for 10 s (scale bar: 50 nm).
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nonspecifically attached to viral surface. There were
some virus particles containing no SA-QD in the PTLV-
QD sample (not shown), which were likely to be the
incomplete packaging of QDs. Statistical analysis of the
PTLV-QD particles observed through TEM revealed that
34.07% (31/91) of PTLV-QD encapsulated one QD parti-
cle and 65.93% (60/91) of PTLV-QD encapsulated two
QD particles. This was likely because PTLV packages
double-stranded gRNAs but not all of the gRNAs were
labeled with SA-QDs successfully.
Fluorescence spectra (Figure 2d) and dynamic light

scattering (DLS) (Figure 2e) tests were performed
to further characterize PTLV-QD particles. Compared
with SA-QD alone, the spectrum of PTLV-QD had a blue
shift around 1 nm (Figure 2d). The phenomenon may
be attributed to the change of electronic properties
of QDs caused by DNA coupled on the surface.
The distribution of hydrodynamic diameter (Dh) mea-
sured by dynamic light scattering (DLS) for PTLV-QD
in aqueous solution was characterized (Figure 2e).
The average Dh is 159.4 nm, which is a little larger than
the actual diameter (100�140 nm shown in the TEM
analysis), due to the influence of the counterion cloud
on particle mobility.
To test whether the PTLV-QD particles could enter

cells, HeLa cells were incubated with SA-QDs and
PTLV-QD to allow attachment and entry. Compared
with SA-QD, PTLV-QD exhibited a totally different fate.
PTLV-QD attached and entered HeLa cells with high
efficiency and was completely internalized into cells
(Figure 4a), and all of the cells appeared to uptake PTLV-
QD. In contrast, SA-QD showed very little uptake by cells
even after 8 h incubation (Figure 4b). To further confirm
that the QD signals observed in the PTLV-QD-incubated

cells were indeed due to virus infection, a viral neutra-
lization assay was performed. An antibody specifically
against VSV-G was used to neutralize the envelope
protein of the PTLV-QD to block virus attachment to
cellular receptors. It was found that, once the virus was
neutralized by the VSV-G antibody, PTLV-QD particles
were barely attached to the cell surface and no uptake
was observed by visualizing QD signals (Figure 4c),
further reinforcing the idea that the internalization of
QDs was directed by VSV-G PTLV.
To determine whether our approach affects the effi-

ciency of virus entry, purified PTLV-QD and wild-type
PTLV were titered by real-time PCR. The titer of PTLV-
QD was 1/82.59 of the wild-type PTLV (Figure 4d),
suggesting that replacement of the gRNA-generating
plasmidwith transfected gRNAproduced in vitro reduces
PTLV production. These two viruses with equal numbers
of RNA copies were used to infect HEK293T cells. Total
RNA was extracted from infected cells 2 h postinfection
and subjected to real-time PCR to determine intracellular
viral RNA copy number. The intracellular RNA copy
number of PTLV-QD was a little higher than that of the
wild-type PTLV (Figure 4d), indicating that there was no
decrease of viral entry efficiency after QD labeling.
Having proven that PTLV-QD can enter mammalian

cells, we next tested whether this labeling approach
could be used to monitor virus transport in sensitive
cells. Most enveloped viruses, including VSV35,36 and
VSV-G PTLV,37 enter cells via endocytosis and require
the fusion of the viral envelope with the endosome
membrane. To investigate the movement of PTLV
to the endosomes, HeLa cells were transfected with
Rab5-EGFP to mark the early endosomes6 and
then incubated with PTLV-QD for infection. PTLV-QD
infected cells were fixed and subjected to confocal
analysis at different time points. Ten minutes post-
infection, PTLV-QD (red) showed no colocalizationwith
early endosomes marker Rab5 (green). At 30 min
postinfection, QDs showed significant colocalization
with early endosomes (Figure 5a), suggesting that
PTLV-QD particles were transported to Rab5þ endo-
somes after endocytosis. Real-time tracking of the
transport of single PTLV-QD to early endosomes was
also performed, and representative images are shown
in Figure 5b. At 20min postinfection, PTLV-QDparticles
(red) were close to the Rab5þ organelle (green). After
internalization initialized at 21min, PTLV-QD remained
within the Rab5þ endosome (yellow) for an extended
period of time (22�27 min). Thus, a clear process
of PTLV-QD internalization was monitored, which was
consistent with that reported by previous virus tracking
studies.6

To further elucidate infection details, an experiment
focusing on the movement to a microtubule organiz-
ing center (MTOC) was performed. After internaliza-
tion, many viruses need to be transported to theMTOC
compartment, where their genetic material is released

Figure 3. Immunofluoresence assay. (a,b) Immunofluores-
cence assay using anti-p24 antibody as primary antibody
and FITC-conjugated goat anti-rabbit IgG as second anti-
body against PTLV-QD attached to HeLa cells (a) (scale bar:
11 μm) or overlaid on polylysine-coated coverslips (b) (scale
bar: 2 μm).
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to the cytosol or delivered into the nucleus to start
replication.38 Previous study has proven that the trans-
port of VSV toMTOC is facilitated bymicrotubules.37 To
investigate the role of microtubules in VSV-G PTLV
entry, PTLV-QD was used to infect HeLa cells. HeLa
cells were transfected with a microtubule-EGFP plas-
mid to mark the microtubule and fixed for confocal
imaging at indicated time points after infection (10, 40,
and 100 min). At 10 min, no PTLV (red) colocalized
with GFP-tagged microtubules. PTLV-QD movement
onmicrotubules was observed at 40min postinfection,
and about 90% of PTLV-QD particles in cells converged
at MTOC 100 min postinfection (Figure 6a). Single
virus trajectories on microtubules were also recorded,
and representative images were shown in Figure 6f.
To confirm whether the movement toward MTOC was
microtubule-dependent, nocodazole, a drug to disturb
microtubules, was used to treat HeLa cells before
infection. The trajectory and velocity of the single virus
particle were analyzed (Figure 6b�e). In untreated
HeLa cells, PTLV-QD moved from the cell periphery
to the cytoplasm with a long trajectory (Figure 6b)
and showed an active movement pattern (Figure 6c).
PTLVexperiencedan intermittentmoving stage (0�200 s,
average speed 0.0105 μm/s) and then traveled
rapidly toward the cytoplasm (200�400 s, average
speed 0.0705 μm/s) with a max instantaneous speed

Figure 4. Infection of cells by PTLV-QD. (a,b) Comparison of PTLV-QD and SA-QD infected HeLa cells. HeLa cells were
transfectedwithmembrane EGFPplasmid 36h before infection. (a) PTLV-QD still attached toHeLa cellmembranes 5min after
infection (scale bar: 11 μm) and was totally uptaken by cells 8 h after infection (scale bar: 6 μm). (b) SA-QD alone showed no
uptake by HeLa cells after 8 h incubation (scale bar: 11 μm). (c) Images of HeLa cells infected with PTLV-QD or PTLV-QD
neutralized by VSV-G antibody for 30min (scale bar: 11 μm). (d) Cell entry efficiency of wild-type PTLV and PTLV-QD. Titers of
PTLV-QD compared with PTLV tested by real-time PCR are shown as the black column. PTLV-QD and PTLV containing equal
copies of RNA were used to infect HEK293T cells. Intracellular viral RNA copy numbers, representing the entry efficiency of
PTLV, are shown as the gray column.

Figure 5. Tracking the movement of PTLV-QD to Rab5þ
endosomes. (a) HeLa cells were incubated with PTLV-QD
for 10 or 30min after transfectedwith Rab5-EGFP (scale bar:
11 μm). (b) Real-time tracking of PTLV-QD transported to
early endosomes (Rab5þ). PTLV-QD was incubated with
HeLa cells, and then the real-time images were recorded at
indicated time points (scale bar: 2 μm).
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of 0.1713 μm/s. Finally, PTLV particles moved slowly
and confinedly (400�760 s, average speed 0.0164μm/s)
somewhere in the cytoplasm (Figure 6c). In contrast, in
nocodazole-pretreated HeLa cells, PTLV moved around
the cellmembranewith very short trajectory (Figure 6d),
and the instantaneous speed was low (average speed
0.0141 μm/s), showing tiny fluctuations in the whole
tracking period (Figure 6e). These two different trans-
port modes indicated that nocodazole can strongly
inhibit virus traffic during infection. Our results are in
agreement with previously reported infection mechan-
isms of other enveloped viruses such as HIV, reovirus,
influenza, and HSV.7,39�42 In addition, we observed that
PTLV-QD moved along the microtubule (Figure 6f), pro-
viding visible details for microtubule-dependent trans-
port of VSV infection.37

Nanomaterials, including QDs and gold nanoparti-
cles, were previously shown to be packaged inside
the VLPs of non-enveloped viruses red clover necrotic
mosaic virus (RCNMV)10,30 and SV40.9,43,44 In those reports,
a specific RNA�protein interaction in vitro that initiates
genomic RNApackagingwas used to achieve controlled

encapsidation of Au, CoFe2O4, and CdSe nanoparticles
into RCNMVVLPs.10,30 Self-assemblyof SV40VP1protein
in vitro could alsoachievehighefficiencyofnanoparticle
packaging.9,43,44 Although these studies provide useful
information for virus labeling, such an in vitro packa-
ging approach is not practical for labeling enveloped
viruses because enveloped viruses have envelopes
that consist of phospholipids and proteins, which are
usually derived from host cell membranes.
Wang et al. provided the first biocompatible ap-

proach for enveloped virus labeling by expressing a
biotin acceptor peptide on a viral membrane followed
by site-specific labeling with streptavidin-conjugated
QDs.6 Other functional peptide biotin-based QD label-
ing and chemical coupling or click-based QD-labeling
methods have also beendeveloped for tagging the viral
envelope with QDs.7,8,12,14,16,45,46 These inspiring im-
provements of labeling approaches have been used to
reveal the infection details of IHNV, H9N2, PTLV, retro-
virus, Sindbis virus, baculovirus, and PrV.7,8,12,14,16,45,46

Given that the viral envelope plays an essential role
in cell entry,23 modification of the viral membrane for

Figure 6. Tracking the microtubule-dependent entry pathway of PTLV-QD. (a) PTLV-QD was incubated with the cells for 10,
40, and 100 min (scale bar: 11 μm). HeLa cells were transfected with the EGFP-microtubule plasmid 36 h before PTLV-QD
infection. (b,c) Trajectory and the instantaneous speed of individual PTLV-QD in living cells (scale bar: 11 μm). (d,e) Trajectory
and the instantaneous speed of individual PTLV-QD in living cells after treatment with 70 μM nocodazole (scale bar: 11 μm).
(f) Real-time tracking of PTLV-QD transported along the microtubule to the perinuclear region. PTLV-QD was incubated with
the cells for 25 min, and then the real-time images were recorded (scale bar: 5 μm).
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labeling could decrease viral entry efficiency. Indeed,
labeling QDs on the viral surface of IHNV8 and PrV14

resulted in an slightly impaired infectivity, whichmay be
caused by an influenced virus entering process. Our
study demonstrated that the modified HIV-1 gRNAs
containing 50LTR and Psi were able to smuggle QDs
into the core structures of PTLV during virus assembly.
Our procedure of packaging QDs inside the capsids of
virus progenies in living cells does not require biological
or chemical modification of the viral surface and causes
no change of viral morphology, thus assuring the viral
entry efficiency. This was confirmed by the quantitative
analysis of viral RNA copies in infected cells.
Although QDs have been used for probing viral

entry, it remains controversial as to whether QD label-
ing affects the uptake routes of biomolecules by cells.
Most QD-labeled ligands showed trafficking character-
istics similar to that of unlabeled ligands. However,
examples of altered behaviors of bioligands after
QD labeling still exist.17 QDs can reduce or increase
the normal endosome-to-Golgi transport efficiency
of several toxin ligands,21 and in some cases, the
innate uptake is inhibited. Commercial QDs, typically
20�30 nm in size, can hinder AMPA (R-amino-3-hydro-
xy-5-methyl-4-isoxazoleppropionate)receptors fromen-
try into neuronal membrane synapses.18 For instance, a
slower membrane fusion of glutamate receptors was
observed when QDs rather than traditional fluorescent
dyes were used.19 When QD-labeled antibodies were
used to track single potassium channel proteins, the
type of diffusion was significantly changed.20 Addition-
ally, multivalency of QDs may result in cross-linking of
labeled proteins and the activation of signal pathways,
thus interferingwith the imaging results. It was reported
that these anomalous results were caused by potential
interactions betweenQDs and cellular components.17,18

In our study, QDs in virions are physically separated from
cellular environments by the viral capsid and the envel-
ope. In such conditions, QDs are unlikely to interact with
cellular components and, therefore, avoid the alterat-
ion of viral movements. The movement of PTLV-QD in
infected cells observed in our study is not in conflict with
previous studies, indicating that the virus transport route
was not influenced by this QD-encapsulating strategy.
Although further improvement may be needed,

our established QD-packaging approach is potentially

useful in tracking infection events postmembrane
fusion. Membrane fusion is crucial for enveloped virus
penetration and the release of genetic material.22�24

Fusion directed by viral glycoprotein can happen at the
plasma membrane at neutral pH or in the endosomal
membrane under a lower pH.23 Using conventional
methods, fluorescent materials labeled on the viral
envelope usually dissociate from the viral core after
virus�cell membrane fusion, making it impossible to
track the journey of the cores of enveloped viruses
fromentry to capsid disassembly.47 For example, single
virus trafficking through labeling lipophilic dye DiD
on the membrane of HIV core-based pseudoviruses
was used to track the membrane fusion, but DiD dis-
appeared upon membrane fusion.48 Our strategy of
encapsulating QDs inside virus cores makes it possible
to elucidate the trafficking of the virus capsid before
disassembly.
Despite the favorable characteristics of our approach,

further improvement may be needed. For instance,
because SA-QDs are membrane-impermeable and can
be trapped in the endosomes,49 the yield of effective
labeled viruses is affected. Using cell-penetrating QDs
that could easily release fromorganels is one alternative
in future study to increase the packaging efficiency.
In addition, we found that QD-DNA probe�gRNA
complexes prepared using short gRNAs enhanced
the yield of PTLV-QD, in which the sequences that are
not essential for gRNA encapsulation were deleted,
although the deletion slightly impaired some func-
tions of PTLV, such as protein expression and reverse
transcription. Nevertheless, at the current stage,
our packaging strategy has been proven to be able
to produce enough viruses for virus tracking experi-
ments. Further improvement of our method may
render it useful in illuminating the motion of viral
capsids and in tracking the postfusion events of labeled
viruses.

CONCLUSION

In conclusion, we have designed and evaluated
a method which could encapsulate QDs into an envel-
oped virus in living cells. This method may facilitate
the application of nanoparticles in biological imaging,
including the infection events directed by different
viral envelopes in late infection period.

METHODS

Plasmid Construction. HIV-1-based lentiviral vector plentilox3.7
was purchased from Addgene. To construct the modified gRNA
transcription template pT-ePsi, 835�1586 bp of plentilox3.7,
containing HIV-1 50LTR and packaging signal which are essential
for virus assembly and genome packaging, was amplified by PCR
using primers LP-F(ACATGCATGCGGGTCTCTCTGGTTAGACCA)
and LP-R(CCGGAATTCTCACTTCTCCAATTGTCCCT). PCR product
was subsequently cloned into pGEM-T easy vector under the T7
promotor.

Preparation of QD-DNA Probe�gRNA Complexes. QD625-streptavi-
din conjugate was purchased from Invitrogen. DNA probe
(CTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGA-
GAAGTGA) biotinylated at the 50 end was synthesized by
Invitrogen. The probe and QD625-streptavidin conjugate were
then combined in PBS (pH 7.4) at a ratio of 4:1 and incubated at
37 �C for 3 h to produce aQD-basedDNAprobe through specific
interaction between streptavidin and biotin. To produce geno-
mic RNAs, plasmid pT-ePsi was linearized using EcoRI digestion,
purified using Cycle Pure kit (Omega), and then subjected to
in vitro transcription using RiboMAX large-scale RNA production
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systems (Promega) according to the manufacturer's protocol.
The resulting RNAs were incubated with the QD-DNA probe at a
ratio of 1:1 to form QD-DNA probe�gRNA complexes by com-
plementary base pairing.

Production of PTLV-QD. 293T cells were maintained in a 37 �C,
5% CO2 environment in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% FBS (Gibico). Eighteen hours
before transfection, 293T cells were seeded in 100 mm dishes.
Packaging vectors pLP1 and pLP2, which express the HIV
structure proteins Gag and Pol, respectively, and vector pLP/
VSVG expressing the VSV glycoprotein were co-transfected
into 293T cells using 1 μg/μL polyethylenimine (PEI) (Sigma).
Medium was changed 5 h post-transfection. Subsequently,
the QD-DNA probe-ePsi RNA complexes were delivered into
293T cells by a second transfection using lipofectamine 2000
(Invitrogen).

Virus Purification. Cell culture supernatants were harvested
every 24 h after QD-probe-RNA complex transfection and supple-
mented with fresh medium until day 6. To remove cell debris, the
collected supernatants were subjected to centrifugation at 4000g
for 30 min at 4 �C, filtered through a 0.45 μm filter (Milipore), and
then concentratedby centrifugationat 23 000 rpmfor1.5h at 4 �C.
The pellet was then layered on 20�60% sucrose density gradient
followedby centrifugation at 35 000 rpm, 4 �C for 3 h in an SW40Ti
rotor (Beckman). Fractions containing QDs were collected under
UV excitation and centrifugated at 23 000 rpm for 1.5 h at 4 �C to
remove sucrose. Virus was resuspended in PBS (pH 7.4) for further
experiments.

Transmission Electron Microscopy. For TEM examination, a car-
bon-coated copper grid was laid on the purified samples (10 μL)
for 5 min. After removal of the redundant liquid using filter
papers, the prepared samples were negatively stained with 1%
phosphotungstate (10 μL) for 10 s and subsequently examined
under a Hitachi H7000 electron microscope.

Viral Neutralization. For the neutralization experiment, 5 μg/μL
antibody against VSV-G protein was added to the purified PTLV
and incubated at 37 �C for 3 h. The neutralized virus or unneu-
tralized virus was then used to infect HeLa cells and examined
using a fluorescence microscope.

Real-Time PCR. Viral and total cellular RNAs were extracted
using Trizol reagent (Invitrogen), retro-transcribed to cDNAs
using the primer HIV antisense (TCGCGATCTAATTCTCCC), and
then subjected to real-time PCR analysis on an Applied Biosys-
tems StepOnePlus real-time PCR system using the primer HIV
sense (CGAACAGGGACTTGAAAG), HIV antisense (TCGCGATCT-
AATTCTCCC), and a specific TaqMan probe (FAM-CGCTTAATA-
CTGACGCTCTCGC-TAMRA).

Fluorescence Microscopy. For the immunofluorescence test,
QDs, PTLV-QD, or PTLV was overlaid on polylysine-coated
coverslips for 60 min at 37 �C or incubated with HeLa cells
preseeded in 15 mm dishes (NEST Biotechnology) for 30 min at
4 �C, then shifted to 37 �C for 10min incubation. Then coverslips
or cells were rinsed, fixed with 4% formaldehyde, permeabilized
with 2% Triton-X100, and immunostained with anti-p24 mono-
clonal antibody and FITC-labeled secondary antibody. Confocal
laser scanning microscopy was performed on a PerkinElmer
UltraView VOX system using a Nikon Ti microscope with 60�
objectives.

Virus Tracking. For the viral tracking studies, subcellular
structures were labeled through transfection of HeLa cells with
individual plasmids encoding either GFP membrane, GFP-Rab5,
or GFP-microtubule. Thirty-six hours post-transfection, PTLV-QD
or PTLVwas incubatedwith cells for 30min at 4 �C to synchronize
infection. The cells were shifted to 37 �C for infection and
subjected to real-time trafficking at different time points.

Drug Inhibition Assay. In themicrotubule drug inhibition assay,
PTLV-QD was used to infect HeLa cells pretreated or untreated
with 70 μM nocodazole at 18 �C for 1 h. Real-time tracking of
virus infection routes was taken very 20 s between 0 and 20min
following infection. Image-Pro Plus and MATLAB were used to
analyze the trajectory and velocity of single virus particle.

Dynamic Light Scattering. Dynamic light scattering (DLS)
measurements were performed on the Zetasizer instrument
ZEN3600 (Malvern, UK) with a 173� back-scattering angle and
He�Ne laser (λ = 633 nm). QD-encapsulated PTLV was filtered

with a 0.45 μm nitrocellulose filter to remove any interfering
dust particles.

Fluorescence Spectra. Fluorescence spectra of QDs and QD-
encapsulated PTLV was recorded on a Shimadzu RF-5301
spectrofluorometer.
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