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Abstract: We report the use of Tat peptide-conjugated quantum dots (Tat-QDs) to examine the complex
behavior of nanoparticle probes in live cells, a topic that is of considerable current interest in developing
advanced nanopatrticle agents for molecular and cellular imaging. Dynamic confocal imaging studies indicate
that the peptide-conjugated QDs are internalized by macropinocytosis, a fluid-phase endocytosis process
triggered by Tat-QD binding to negatively charged cell membranes. The internalized Tat-QDs are tethered
to the inner vesicle surfaces and are trapped in cytoplasmic organelles. The QD loaded vesicles are found
to be actively transported by molecular machines (such as dyneins) along microtubule tracks. The destination
of this active transport is an asymmetric perinuclear region (outside the cell nucleus) known as the
microtubule organizing center (MTOC). We also find that Tat-QDs strongly bind to cellular membrane
structures such as filopodia and that large QD-containing vesicles are released from the tips of filopodia
by vesicle shedding. These results provide new insights into the mechanisms of Tat peptide-mediated
delivery as well as toward the design of functionalized nanoparticles for molecular imaging and targeted
therapy.

Introduction progress has been made in developing QD probes for molecular
imaging inside living cell32-16 A major problem is the lack of
efficient methods for delivering monodispersed (that is, single)
QDs into the cytoplasm of living cells. A common observation
is that QDs tend to aggregate inside living cells and are often

. s . . . o _ :
|matg|?g. h The b_asmfratlot_nalells tgatt thetse ?anomett.er Slze(:]trapped in organelles such as vesicles, endosomes, and lysos-
particies have unique functional and structural properies, such , ,oq ag 5 result, little is known about the interactions of QDs

as size and composition tunable fluorescence emission, IargeWlth intracellular proteins and their transport behavior inside
absorption cross sections, and exceptional brightness an qlvmg cells

photostability compared with organic dyes and fluorescent We have used Tat peptide-conjugated QDs (Tat-QDs) as a

proI:elnsDRefc;(:r};Lisliar?h Qgscgﬁh'%Zdtconséder::l;zﬁccsij Rodel system to examine the cellular uptake and intracellular
using QDs Ing TIX S ISSue speci S transport of nanopatrticles in live cells. Previous work has used

11
forimaging cell membrane proteifis:* However, only limited cell-penetrating peptides such as polyarginine and Tat to deliver
QDs into living cellst”18 put the delivery mechanism and the

Bioconjugated semiconductor quantum dots (QDs) are a new
class of fluorescent probes under intense research and develop,
ment for broad applications in molecular, cellular, and in vivo
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behavior of intracellular QDs are still a matter of debate. Derived for 1 h atroom temperature. The conjugation was conducted in cell
from the HIV-1 Tat protein, the Tat peptide has emerged as a culture medium at the working concentration. Since each QD has

novel cellular delivery vector for a wide range of cargos, due
to its excellent delivery efficiency and minimal cytotoxiciy.2*

Considerable effort has been devoted to understanding the
delivery mechanism of this cationic carrier. The delivery process
was initially thought to be independent of endocytosis because

of its apparent independence on temperattn®.However, later

approximately 10 streptavidin molecules on its surface, and each
streptavidin has 2 binding sites available for biotin, we estimated that
an average of 20 Tat molecules were conjugated to each QD.

Live Cell Imaging. HelLa cells (ATCC, Manassas, VA) were
maintained with Eagle’s minimum essential medium supplemented with
10% fetal bovine serum in a humid incubator (37 and 5% CQ).

The cells were plated onto multiple glass-bottom tissue culture plates

research showed that the earlier work failed to exclude the Tat (\vatTek, Ashland, MA) at an initial confluency of 20%. After 40 h,
peptide conjugated cargos bound to plasma membranes, whichrat-QDs (1 nM unless specified) were added. The cells were washed

was largely an artifact caused by cell fixation. More recent

with fresh culture medium after being incubated with Tat-QDs for 1 h.

studies based on improved experimental methods indicate thatAt each given time point, one plate of cells was examined with a

Tat peptide-mediated delivery occurs via macropinocyt®sis,

spinning disk confocal microscope (Ultraview, Perkin-Elmer, Wellesley,

a fluid-phase endocytosis process that is initiated by Tat-QD MA) equipped with CQand temperature control for imaging (Hamamat-

binding to the cell surfac®. These new results, however, did

not shed any light on the downstream events or the intracellular
behaviors of the internalized cargos. This kind of detailed and

mechanistic investigations would be possible with QDs, which

su ORCA ER CCD camera, 488 nm laser excitation, 63X Plan Apo/
NA = 1.3 or 100X Plan Apo/NA= 1.4 objective). Because laser
illumination could cause redistribution of cell-penetrating peptides from
endosomes to the cytoplagfnglifferent plates were used at different
time points to minimize the interference from laser and lamp illumina-

are sufficiently bright and photostable for extended imaging and ion. this also reduced changes caused by incubation on the microscope

tracking of intracellular events. In addition, most previous

stage under suboptimal culture conditions. Multiple views were

studies on Tat peptide-mediated delivery are based on the usg@andomly selected for both Z-stack confocal and T-series imaging at a

of small dye molecules and proteins as car¢fos! so it is not

data acquisition rate of 10 frames per second. To label cell lipid

clear whether larger nanoparticles would undergo the samemembranes and nuclei, two green fluorescent dyes Di@(iL) and
processes of cellular uptake and transport. This understandingSyto 16 (100 nM) ((Invitrogen, Carlsbad, CA) were used, respectively,
is needed for the design and development of imaging and Py incubation with live cells for 15 min. Data were collected and

therapeutic nanoparticles for biology and medicine.
In this work, we have used a spinning-disk confocal

microscope for dynamic fluorescence imaging of quantum dots

transferred as a series of raw or tiff files for further analysis. Images
were processed using the NIH ImageJ software. Locating and tracking
QDs were conducted manually or by using the software from Harvard
University (download website: http://www.rowland.harvard.edu/labs/

in living cells at 10 frames per second. The results indicate that p,teria/index software.html).

the peptide-conjugated QDs are internalized by macropinocy-

tosis, in agreement with the recent work of Dowdy and co-
workers?® It is interesting however that the internalized Tat-

Uptake Inhibition Studies. To study the effect of temperature on
nanoparticle uptake, Tat-QD conjugates were prepared by mixing 5
nM Tat peptides and 0.4 nM QDs. The Tat-QDs were subsequently

QDs are tethered to the inner surface of vesicles and are trappecadded to cells that were kept at eithef@ or 37°C for 1 h prior to

in intracellular organelles. An important finding is that the QD

confocal imaging. To study the uptake inhibition effect of cytoskeleton-

loaded vesicles are actively transported by molecular machinesdisrupting drugs, Tat-QDs were prepared by mixing 25 nM Tat peptides
(such as dyneins) along microtubule tracks to an asymmetric @nd 1 nM QDs; then, cytochalasin D 81) was used to disrupt actin
perinuclear region called the microtubule organizing center filaments, and nocodazole (18vV) was used to disrupt microtubules

(MTOC).2” Furthermore, we find that Tat-QDs strongly bind

to cellular membrane structures such as filopodia and that large

QD-containing vesicles are able to pinch off from the tips of
filopodia. These results not only provide new insights into the

mechanisms of Tat peptide-mediated delivery but also are

important to the development of nanoparticle probes for
intracellular targeting and imaging.

Experimental Section

Preparation of QD-Peptide Conjugates.The sequence of Tat
peptide (Invitrogen, Carlsbad, CA) is RRRQRRKKRGY. Tat-QDs were

by treating the cells for 30 min. Tat-QDs were added to the drug-treated
cells (no washing), and confocal images were taReh afterward.

Results

Intracellular Uptake and Active Transport of Tat-QD
Conjugates. Figure 1 shows time-dependent fluorescence
images of cultured HelLa cells when incubated with Tat-QD
nanoparticles for a 24-h period. Within 5 min of Tat-QD
addition, the cell outer surfaces (including filopodia and plasma
membranes) were visibly stained. At 30 min, Tat-QDs started
to appear inside the cells but remained close to the cell

prepared by incubating streptavidin-coated QDs (emission peak wave-peripheries. A 1 h of incubation, the filopodial bridges

length= 655 nm, Invitrogen, Carlsbad, CA) with Tat-biotin at a ratio

(membrane channels between adjacent cells) were also labeled

of 1 to 20 (that is, 20 Tat peptides are added to conjugate with 1 QD) (highlighted by a box), and a small number of Tat-QDs were
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accumulated at a unique intracellular region (highlighted by a
circle). Although they are not a focus in this study, filopodial
bridges are involved in retrovirus travel from infected cells to
healthy oneg?3° For the internalized QDs, a striking feature
was a gap region between the cell peripheries and their
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Smin 30min

Figure 1. Time-dependent imaging of Tat-QD uptake and intracellular transport in cultured HeLa cells over a 24-hour period. New cell culture plates were
used for each time point, and multiple views were randomly acquired by using a spinning-disk confocal microscope at a rate of 10 frames per scond. Thes
changes were found to minimize the effects of lamp and laser illumination on cultured cells. In the image taken at 1 h, QD-stained filopodialebridges ar
highlighted with a rectangular box, and the microtubule organizing center (MTOC) is indicated with a circle.

accumulation site where there were no or few Tat-QDs detected. Tat-QD delivery (Figure 2c,d). These results are consistent with
This indicates that the intracellular transport of Tat-QDs is the previous finding that actin filaments are required for Tat
mediated by an active process because passive diffusion wouldpeptide internalization via macropinocyto3tsDynamic fluo-
lead to a random distribution of Tat-QDs in the cytoplasm. From rescence imaging further reveals that most of the endocytosed
1 to 24 h, more and more Tat-QDs were transported and Tat-QDs are actively transported to an intracellular region just
accumulated at this intracellular region, with fewer and fewer outside the nucleus (Figure 3a,b) (also see Supporting Informa-
Tat-QDs on the cell surface. By 24 h, essentially all the Tat- tion, Supplementary Video 1), while directed motion also occurs
QDs had accumulated at the intracellular region. There were along cell peripheral tracks (Figure 3c,d) (also see Supporting
minimal adverse effects on cell functions, which remained Information, Supplementary Video 2). The motion of Tat-QDs
normal for at least 3 days. This intracellular region corresponds from the cell periphery toward the perinuclear region is most
to the microtubule organizing center (MTOC), a distinct region likely caused by microtubule-dependent transport, an active
that is responsible for attaching and organizing the microtubules process that is mediated by molecular motors such as dy#etfs.
in living cells?” To confirm that the MTOC is indeed the site  The destination of this transport is the microtubule organization
for QD accumulation, we have used GFP-encoded MCF-7 cells center (MTOC). In addition to inward motion, we also observed
(stably expressing GFP-tubulin) and have found that QDs and directed motion from the perinuclear region to the cell periphery,
tubulins are spatially colocalized in a perinuclear region (just a process that is probably mediated by different molecular
outside the cell nucleus). motors such as kinesid$éThe fact that eventually Tat-QDs were
To determine the key factors involved in Tat-mediated QD all accumulated at the perinuclear region suggests that the inward
delivery, we have carried out a series of uptake inhibition motion is dominant. The average speed of the trajectories shown
studies. First, lowering the temperature t¢@ blocked the in Figure 3A was determined to be lufn/s, similar to the value
delivery of Tat-QDs, suggesting that it is an energy-dependent
process (Figure 2a,b). Second, the use of cytoskeleton-disruptin g%g ’é"ﬁrrggés'\"'-SE.”gf_’;C\z\t/%ﬁifé?X{/‘l’de};’g‘éﬁg%&f&?’ﬁ; Eﬁ;’é’h\:’og‘: i?%i-w a k.
drugs (small molecules that are commonly used to disrupt actin Nature 2003 421, 715-718.
filaments or microtubules) led to the blocking of Tat-QD (33 %8351'4% Dshvelie, M. A.; Block, S. M.; Wieschaus, EJFCell Biol.
delivery, suggesting that cytoskeletons are likely involved in (34) Schiiwa, M.; Woehlke, GNature 2003 422, 759-765.
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environment. We estimate that the time for a single QD of
hydrodynamic radius 10 nm to diffuse across a@0-diameter
cellis ca. 30 s, whereas the time for a vesicle of hydrodynamic
size 80 nm to diffuse across the same distasceh orlonger.

This dependence of diffusion rates on particle size is explained
by the fact that cytoskeletons in cytoplasm cause more hindrance
to the diffusion of larger particles than that to the diffusion of
smaller particle$®2° Third, the Tat-QDs at the perinuclear
region were mostly located at one side of the nucleus (the
MTOC) and stayed at this location for at least 24 h with little
dispersing or motion. This indicates that the QDs are encapsu-
lated in vesicles and are not free to diffuse (see Supporting
Information, Supplementary Video 3). Fourth, Tat-QDs were
colocalized with DiO, a membrane dye that is commonly used
to stain intracellular vesicles and plasma membranes (Figure
4a—c), supporting the conclusion that most Tat-QDs are trapped
inside intracellular organelles. Nuclear staining studies further
demonstrate that the internalized Tat-QDs do not enter the cell
nucleus (Figure 44df), because the Tat-QDs are trapped in large
Control AT drug vesicles or are unable to interact with the protein impoftin
for nuclear transport?

Figure 2. Inhibition of Tat-QD uptake and transport by temperature and ~ 1at-QD Distribution and Vesicle Shedding.Another novel
cytoskeleton-disrupting drugs. (a, b) Fluorescence images of Tat-QDs finding is that the internalized Tat-QDs are observed as a circular
incubated with HeLa cells at 37 and'@. Green arrows denote internalized gty ctyre inside large intracellular vesicles (can2in diameter)
QDs, also visualized with Z-stack scanning. (c, d) Fluorescence images of , . LT R
Tat-QDs incubated in the absence (control) and presence of the actin (AT)- (Figure 5a-c). This ring-shaped fluorescence pattern indicates
disrupting drug cytochalasin D. Similar data were obtained with the thatthe Tat-QDs are not randomly distributed inside the vesicle
microtubule-disruption drug nocodazole (data not shown). HeLa cells were put are bound to the inner vesicle surfaces. This “tethering”

treated with the drug (M) for 30 min in Eagle's minimum essential gt fikely arises from electrostatic interactions between the
medium plus 10% fetal bovine serum at 3Z and were then incubated

with Tat-QDs (1 nM QDs) for 1 h. The confocal imaging parameters were POSitively charged Tat peptides and the negatively charged

the same as those for Figure 1. vesicle membranes. This distribution is clearly observed in larger
) o . vesicles but is less clear in smaller vesicles due to image
reported for dynein motors under vitro conditions®**¢ The blurring. We have also captured the movement of Tat-QDs on

second class of directed motion (that is, along cell peripheries) the vesicle membrane, indicating the tethered Tat-QDs can
probably arises from microtubules that lie along the cell |aterally diffuse in the lipid bilayers (see Supporting Information,
peripheries, but it is also possible that myosin motors carry Tat- sypplementary Video 4). It is important to note that the zeta
QDs along actin filaments. Actin-dependent active transport of potential of Tat-QDs is only-0.5 mV at pH= 7, because the
Tat-QDs could correspond to an intermediate stage in the positive charge of the Tat peptide is neutralized by negatively
endocytic pathway of cells, as reported recently by Zhuang and charged streptavidin molecules (isoelectric pH 5.5) and residual
co-workers¥” These researchers have used the infection pathwaYCarboxyIic acid groups on the QD surface. It is possible that
of influenza virus as a model to study the cellular endocytic the Tat peptide molecules are not uniformly distributed on the
pathway and found that the pathway involves a three-stage activeQp surface, but there are clusters of strongly positive charges
transport process, with the first stage being transport along cell for cellular binding and uptake. Recent work by Duan etal.
peripheries (on actin filaments), the second stage being transporhas also shown that the surface coating layer plays a key role
from cell peripheries to the perinuclear region, and the third j3 QD cellular uptake as well as in endosomal release and
stage being intermittent motion in the perinuclear region cytoskeleton association.
including both plus- and minus-end-directed microbule-based — oytside the cells, large vesicles containing Tat-QDs were
motility. attached to filopodia or were observed as free structures in the
Several lines of evidence indicate that nearly all of the ¢yjture medium (Figure 5¢ff) (also see Supporting Information,
endocytosed Tat-QDs were transported inside vesicles WithOUtSuppIementary Video 5). In contrast to endocytosed Tat-QDs
being released into the cytoplasm. First, the brightness of nearlytrapped in intracellular vesicles, these filopodia-generated
all the Tat-QDs was considerably higher than that of single QDs. yegicles are formed by Tat-QD binding to the outer membrane
Second, there was a gap region between the cell periphery andrface. Vesicle shedding or pinching off from filopodia leads
the perinuclear region in which few QDs were observed (see ig free vesicles with Tat-QDs bound on the outside (see
Figure 1). If QDs were released from vesicles, they would jjystration in Figure 5f). Vesicle shedding of Tat-QDs occurs
diffuse randomly in the cytoplasm in which the vesicles would i, |ess tha 1 h after the addition of Tat-QDs, producing QD-
be too large to diffuse effectively in the crowded cytoplasmic containing vesicles in the cell culture medium and at the end
of filopodia as shown in Figure 5d.

(35) Yildiz, A.; Forkey, J. N.; McKinney, S. A.; Ha, T.; Goldman, Y. E.; Selvin,
P. R.Science2003 300, 2061-2065.

(36) Mallik, R.; Carter, B. C.; Lex, S. A.; King, S. J.; Gross, SNature2004 (38) Berg, H. C.Random Walks in BiologyPrinceton University Press:
427, 649-652. Princeton, NJ, 1993.

(37) Lakadamyali, M.; Rust, M. J.; Babcock, H. P.; Zhuang,Pfoc. Natl. (39) Luby-Phelps, Kint. Rev. Cytol. 2000 192 189-221.
Acad. Sci. U.S.A2003 100, 9280-9285. (40) Zhao, M.; Weissleder, RMed. Res. Re 2004 24, 1-12.
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Figure 3. Direct observation of active transport of endocytosed Tat-QDs inside living cells. (a, b) Directed motion from the cell periphery to an intracellula
region adjacent to the cell nucleus. The red box area of image (a) is magnified in image (b). The white line is the trajectory of one Tat-QDs vesicle point

by the red arrow (Supporting Information, Supplementary Video 1, frame 21 to 29, frame rate 249 ms/frame). The green line shows the plasma membrane
boundary of the cell. (c, d) Directed motion along cell peripheral tracks. The red box area of image (c) is magnified in image (d). The white line is the
trajectory of one Tat-QD vesicle pointed by the red arrow (Supporting Information, Supplementary Video 2, frame 5 to 13, frame rate 249 ms/frame). The
green line shows the plasma membrane boundary of the cell.

Discussion cell nuclei to any significant degree. This difference in the

Our experimental findings support a mechanistic model for intracellular_fat_e of Tat peptide-conj_ugated moleculgs and that
Tat peptide-mediated delivery of QDs as shown in Figure 6. of Tat-QDs is likely caused by the difference in the sizes of the
The delivery process starts with the binding of Tat-QDs with cargos. QDs are much larger than standard molecules and are

plasma membranes and filopodia, due to the high local Chargethuslmoridif:cullito ez;:ape frorg \;]esicles. Co.ndsistent. with 0(;"
density and flexibility of Tat peptides. Vesicles are generated results, Tkachenko et arreported that Tat peptide-conjugate

from plasma membranes to internalize Tat-QDs, followed by gold nanoparticles similar in size to QI_DS failed to enter the
active transport of the QD-containing vesicles from the cell cell nucleus._ T_hesg researchers also pomFe_d_ (_)Ut that they were
periphery to an intracellular region just outside the nucleus. In unable to distinguish between two possibilities, namely the

the vesicles, Tat-QDs are bound to the inner lipid membrane entrapment of nanoparticles in vesicles or the alteration of

and secretion of Tat-QDs via vesicle shedding occurs shortly physicochemical properties of th? Taf[ pep_tlde. Our res_ults
after the addition of Tat-QDs. It is not clear whether exocytosis, support the entrapment of nanopatrticles in vesicles for the failure

in which no vesicles are generated outside cells, also plays aOf nugle_ar entry. In a model propose_d by ‘]O“.Ot and Pr_och‘i&r_ltz_
role in the secretion of Tat-QDs. The transition from the inward describing the pathway of Tat_peptlde—medlated delivery, _'t IS
transport of Tat-QDs inside cells to the secretion process mightassumecj that Tat, peptlde-conjugated cargos are located in the
involve kinesin-mediated transport of Tat-QDs from the peri- 2dU€OUS cores of intracellular vesictéQur results clearly show
nuclear region to the cell periphery that endocytosed Tat-QDs are tethered to the vesicular mem-
Different cargos could lead to dramatically different intrac- branes, indicating that the interactions between the Tat peptide

ellular fates even when they are delivered by the same carriers.and ve_S|cuIar membranes shoul_d be considered in describing
It has been previously reported that Tat peptide-conjugated smallthe delivery pathway of Tat peptides.

molecules and macromolecules have access to the cytoplasmai1) Tkachenko, A. G.; Xie, H.; Liu, Y. L.; Coleman, D.; Ryan, J.; Glomm, W.
and eventually enter the cell nuck&iln contrast, our results R.; Shipton, M. K.; Franzen, S.; Feldheim, D.Rioconjugate Cher2004

! . 15, 482-490.
show that Tat-QDs are trapped in vesicles and do not enter the(42) Joliot, A.; Prochiantz, ANat. Cell Biol.2004 6, 189-196.
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Overlay

Figure 4. Two-color colocalization studies showing Tat-QDs trapped in intracellular organelles and perinuclear localization outside of the cell nucleus.
(a—c) Confocal fluorescence images of Tat-QDs (red), the membrane dye DiO (green), and an overlaid image showing their colocalization in organelles.
(d—f) Confocal fluorescence images of Tat-QDs (red), the cell nucleus stained with (Syto 16, green), and an overlaid image showing the separation of QDs
and nuclear signals. Tat-QDs were incubated with HelLa cells (cultured in Eagle’s minimum essential medium plus 10% fetal bovine s&@Qb%s 37

CQOy) for 24 h. DiO (1ug/mL) or Syto 16 (100 nM) was added to the cell culture medium and incubated for 15 min before confocal images were taken at
10 frames per second.
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Figure 5. Dynamic confocal fluorescence imaging showing Tat-QD distribution inside living cells and shedding of large vesicles from filopagia. (a
Internalized QDs trapped in vesicles (red arrows) and their binding to the vesicle membrane by electrostatic interactions. The vesicle highliggded

box in (a) is expanded in (b), and the binding of Tat-QDs (red symbol) to the vesicle membrane is depicted f)QDeontaining vesicles (red arrows)
attached to the tips of filopodia or in a free form in the cell culture medium. One vesicle attached to a filopodia (highlighted by a red box) is expanded i
(b), and the mode of Tat-QD membrane binding is shown in (f).

The observation of QD-containing vesicles in the cell culture may be a different secretion process from typical exocytosis.
medium and at the end of filopodia is the first report of vesicle As mentioned earlier, in a typical exocytosis process, the
shedding induced by Tat-QDs. Exocytosis of poly(lactide-co- contents of intracellular vesicles are directly secreted to the
glycolide) nanoparticles has been reported by Panyam and
Labhasetwat? However, the vesicle shedding that we observed (43) Panyam, J.; Labhasetwar, Rharm. Res2003 20, 212-220.
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Figure 6. Schematic diagram illustrating the key steps involved in Tat-QD uptake and transport in living cells. The delivery process starts with the binding
of Tat-QDs with plasma membranes and filopodia, leading to internalization by macropinocytosis. This is followed by active transport of thai@Bgcont
vesicles from the cell periphery to a perinuclear region called the microtubule organizing center (MTOC). The endocytosed Tat-QDs are tethaned to th
vesicular membranes, while Tat-QD binding to filopodia occurs on the outer membrane. Vesicle shedding is observed for both modes of QD-membrane
binding.

extracellular space without forming vesicles outside the églls. located at the inner vesicle membrane. The binding of Tat-QDs
Vesicle shedding can occur on both plasma membranes and theiwith lipid membranes would make Tat-QDs not available for
extensions such as filopodia. However, in our experiments we recognizing their intended targets in the cytoplasm even when
observed that the secreted vesicles occurred mostly at the tipghe vesicles are disrupted or when Tat-QDs escape from the
of filopodia. From a thermodynamic point of view, generating vesicles. If the vesicles are disrupted, Tat-QDs would still tend
large vesicles from the end of filopodia would need to overcome to stay bound to the fragmented lipid membranes, and the
a smaller energy barrier than from flat plasma membranes. Thediffusion rates of these QDs would be greatly reduced. If Tat-
vesicle shedding of Tat-QDs could affect the delivery efficiency QDs escape from the original vesicles, their binding with lipid
of QDs and might also be responsible for the toxicity of Tat membranes that are present throughout the cytoplasm (in
peptides and QDs. Clearly, further studies are needed toorganelles, plasma membranes, and other vesicles) would
investigate the secretion processes of nanoparticles from liveprevent Tat-QDs from binding to their targets. Of course, a
cells and their potential implications in nanoparticle toxicity, minimal amount of Tat-QDs could escape from the vesicles and
delivery efficiency, and therapeutic efficacy. become available for binding with their targets in the cytoplasm.
The results presented are likely to impact the design and  op the other hand, Tat-QDs could be an ideal probe for
development of nanoparticles for cellular imaging and thera- jhyestigating vesicular transport and molecular motors inside
peutic applications. The finding that nearly all Tat-QDs are |iying cells, since these QDs are mainly trapped in vesicles and
trapped in vesicles suggests that Tat peptide-mediated deliveryiheir intracellular transport is mediated by molecular motors.
is not suitable for labeling and imaging single molecules inside yesicles and molecular motors are key components of the active
living cells. The difficulties for Tat-QDs to escape from the  yansport system in cells. The current information about vesicles
vesicles may, at least partially, result from the binding of Tat- 334 molecular motors has been obtained mostly from biochemi-
QDs with the vesicular membranes because Tat-QDs are mainlycg| genetic, andn vitro mechanic studie& The use of Tat-
(44) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P. QD prObe_S could thus help us gain_ a more sophisticated view
Molecular Biology of the CeliGarland Science: New York, 2002. of the active transport processes in live cells. Yet for other
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applications, a small amount of free nanoparticles in cytoplasm in free vesicles with Tat-QDs bound on the outside. These
could be sufficient. For example, Rosi et*aknd Won et af® findings not only offer insights into the mechanism of Tat
have used endocytosed gold nanoparticles and superparamageptide-mediated delivery but will also be important toward the
netic nanoparticles for regulation of gene expression and design and development of nanoparticle probes for intracellular
detection of drug targets inside live cells, respectively. Our imaging and therapeutic applications. By combining the bright-
results suggest that vesicular release may be a rate-limiting stemess and photostability of QDs with the dynamic imaging
for these applications. Therefore, any approach that could aid capability of spinning disk confocal microscopy, we envision
vesicular release, such as laser illuminafidwesicle-disrupting that the pathways of cellular endocytosis and exocytosis could
drugs?” and fusogenic agent§,would significantly improve be followed with QD-labeled ligands; the mechanism of viral
the utility of nanoparticle probes for intracellular imaging and infection could be examined with QD-tagged vectors; and the
targeting. intracellular fate of nanoparticles drugs could be imaged and
In conclusion, we have used QDs coupled with spinning disk tracked in real time.
confocal microscopy to follow the Tat peptide-mediated delivery
of nanopatrticles into live cells. We have shown that Tat-QDs ~ Acknowledgment. We are grateful to Dr. Qiutian Li of
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