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Abstract

The intracellular, cytosolic, delivery of quantum dots is an important goal for cellular imaging.
Recently, a hydrophobic anion, pyrenebutyrate had been proposed to serve as a delivery agent for
cationic quantum dots as characterized by confocal microscopy. Using an extracellular quantum dot
quencher, QSY-21, as an alternative to confocal microscopy, we demonstrate that quantum dots
remain on the cell surface and do not cross the plasma membrane following pyrenebutyrate treatment,
a result that is confirmed with transmission electron microscopy. Pyrenebutyrate leads to increased
cellular binding of quantum dots rather than intracellular delivery. These results characterize the use
of QSY-21 as a quantum dot quencher and highlight the importance of the use of complementary
techniques when using confocal microscopy.
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The intracellular delivery of quantum dots (QDs), nanometer-diameter semiconductor
particles, is of great interest for the cellular imaging community as QDs offer the possibility
of a bright, photostable probe of intracellular dynamics.1=5 A key goal for the intracellular
delivery of QDs, as well as other nanoparticles and therapeutic materials, is cytosolic access,
as compared to retention in endocytic vesicles.6'7 In the case of cellular imaging, cytosolic
access is necessary to label intracellular proteins and organelles. For therapeutic applications
such as nucleic acid delivery, cytosolic access is a necessary first step for SiRNA activity or
nuclear entry of DNA.8~11 Cytosolic delivery is challenging as the cargo must traverse the
plasma membrane or be released from an endocytic vesicle. Based on the goal of cytosolic
delivery, T. Takeuchi et al. developed a method for the delivery of peptides and proteins to the
cytosol of multiple living cells simultaneously.12 This method is noteworthy as it overcame
two significant difficulties associated with prior delivery methods; retention in endocytic
vesicles and permeabilization of the plasma membrane.13-16 The delivery method is
straightforward requiring a cationic peptide, polyarginine, in combination with a hydrophobic
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counterion to induce a direct translocation across the plasma membrane, bypassing the barrier
of the endocytic vesicles and without permeabilizing the plasma membrane.12:17-20

The use of pyrenebutyrate for cytosolic delivery was recently applied to polyarginine-
functionalized QDs (PA-QDs).21 Unlike the peptides and proteins that had been successfully
delivered using this method, the PA-QDs had a relatively large hydrodynamic diameter of 32
nm.22 Confocal microscopy images suggested that incubation of cells with the hydrophobic
anion pyrenebutyrate (1-pyrenebutyric acid) led to rapid cytosolic delivery of the PA-QDs.
While confocal microscopy, which uses an aperture to discriminate against out of focus light,
thereby imaging a thin slice of an intact cell, has been used successfully to characterize the
cellular internalization of QDs,23725 it differs from a method such as TEM which uses a
physically sectioned slice of a cell for imaging.26:27 The use of confocal microscopy to
confirm internalization leaves open the possibility that a bright fluorescent signal from the cell
surface may appear to be within the cell.

To test the possibility that pyrenebutyrate led to increased extracellular binding of the PA-QDs,
rather than internalization, we used an extracellular quencher as an alternative approach to
confocal microscopy. QSY-21 (Invitrogen, Cat. Q-20132) absorbs broadly from 550 nm to
775 nm (Figure 1a), but is not fluorescent, thereby serving as an efficient quencher for QDs
with an emission centered at 655 nm. The optimal concentration of QSY-21 for quenching
QDs (655 nm emission, QTracker, Invitrogen) was determined using a fluorometer (RF-5301,
Shimadzu) to measure the emission of QDs (4 nM) in a solution of phosphate buffered saline
(PBS) with increasing concentrations of QSY-21 (Figure 1b). Concentrations of QSY-21 as
low as 10 puM resulted in a significant quenching of the QD signal.

Based on these solution phase measurements, 100 pM was chosen as the optimal QSY-21
concentration to measure the cellular internalization of PA-QDs. Using the same protocols as
reported previously,2 QDs were complexed to a nine-unit polyarginine (PA) peptide through
a biotin-streptavidin linkage. BS-C-1 monkey kidney cells were incubated with PBS
supplemented with 4 uM pyrenebutyrate (Sigma-Aldrich, Cat. 257354) for 2 min at 37°C. PA-
QDs were added to the cells at a concentration of 4 nM and incubated at 37°C for four min
before washing with PBS. Cells were imaged immediately, without fixation, with an epi-
fluorescence microscope (Olympus IX71, 40X, 0.65 N.A. objective). The PA-QDs result in a
bright signal dispersed throughout the cell (Figure 2a). The addition of 100 uM QSY-21
resulted in a significant reduction of the QD fluorescence (Figure 2b).

These images strongly suggest that the PA-QDs remain on the cell surface where they are
quenched by QSY-21. There are two concerns with this interpretation. First, it is possible that
QSY-21 moves across the plasma membrane, thereby quenching internally. This is especially
important to consider as pyrenebutyrate has been used previously as a delivery agent.12 While
pyrenebutyrate remaining in solution is removed from the cells before the addition of QSY-21,
residual pyrenebutyrate remaining in the cell could aid delivery of QSY-21. Second,
pyrenebutyrate could quench across the plasma membrane. While quenching formally requires
molecular-level contact, energy transfer across the relatively short distance of the plasma
membrane could lead to a similar reduction in QD emission.

To test the possibility that QSY-21 entered the cells and quenched the QDs internally, cells
were microinjected (Femtojet/Injectman, Eppendorf) with QDs. Cells were washed with PBS
and imaged (Figure 3a) with an epi-fluorescent microscope (Olympus IX71, 60X, 1.20 N.A.
objective). Cells were then incubated with pyrenebutyrate (4 M) for 6 min, identical to the
conditions described above, and imaged after the addition of QSY-21 (Figure 3b). No change
in fluorescence was observed following the addition of QSY-21 suggesting that the quencher
is not entering the cells.
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As further confirmation that the PA-QDs were not internalized following pyrenebutyrate
treatment, we used TEM to image pyrenebutyrate-treated cells incubated with PA-QDs (Figure
4). Unlike confocal microscopy, which images an optical slice, preparation of cells for TEM
includes physically slicing the cells into 70 nm-80 nm thin sections. Following the same
incubation procedures as described for Figure 2, cells were imaged with TEM. Both control
and pyrenebutyrate-treated cells show PA-QD binding to the cell surface. Cytosolic
localization was not observed.

As reported previously,2! the increased QD signal does require both functionalization of the
QD with PA and the incubation of the cells with pyrenebutyrate (Figure 5a). In the absence of
pyrenebutyrate, PA-QDs have limited binding during the 4 min incubation period (Figure 5b).
In the absence of PA, pyrenebutyrate does not lead to the binding of streptavidin-QDs (Figure
5¢).

These results demonstrate that QSY-21 quenching of the PA-QDs occurs on the cell surface,
with PA-QDs remaining bound to the plasma membrane rather than entering the cell. This
leads to two conclusions. First, pyrenebutyrate in combination with PA leads to the increased
binding, but not internalization, of PA-QDs (Figure 5). As smaller cargo, including GFP, has
been successfully delivered to the cytosol of cells using pyrenebutyrate, 12 it is likely that QDs
are simply too large to take advantage of this delivery method. Second, this increase in binding
creates a high level of fluorescence that cannot be distinguished from internalization with
confocal microscopy. An example of such a false positive obtained with confocal microscopy
is shown in the Supporting Information (Figure S1). While it is likely that this problem is more
severe in very flat cells such as BS-C-1, it highlights the importance of the use of
complementary techniques in combination with confocal microscopy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Use of QSY-21 to quench QD emission. (a) The absorption of QSY-21 in PBS (black) is well-
overlapped with the emission of 655 nm QDs (red). The QDs were excited at 458 nm. (b)
Increasing concentrations of QSY-21 quench the 4 nM QD signal. QDs were excited at 450
nm. Error bars show the standard deviation of three samples. At high QSY-21 concentrations
the error bars are smaller than the data point. The inset shows an expanded view of 10 uM-
100 uM QSY-21.
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DAPI PA-QD Overlay

Figure 2.

Epi-fluorescence microscopy was used to image cells after incubation with 4 nM PA-QDs (red)
in the presence of 4 uM pyrenebutyrate at 37°C. DAPI (blue) was used as a nuclear stain. (a)
Following a wash with PBS, a strong QD signal (red) is visible. (b) Following the addition of
QSY-21, the QD signal (red) is no longer visible.

J Phys Chem Lett. Author manuscript; available in PMC 2011 January 1.



1duasnue Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Jablonski et al. Page 7

Figure 3.

Epi-fluorescence images of cells microinjected with QDs. (a) QD signal (white) following
microinjection. (b) The same cells were incubated for six min in PBS supplemented with 4
uM pyrenebutyrate, washed, and then imaged in the presence of 100 uM QSY-21.
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Figure 4.
TEM images of cells incubated with PA-QDs for 4 min. (a) Untreated cells. (b) Cells pretreated

with 4 uM pyrenebutyrate for 2 min then incubated with PA-QDs and 4 uM pyrenebutyrate
for 4 min. The dark circular structures within the cytosol are polyribosomes.
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Figure 5.

Epi-fluorescence microscopy (Olympus 1X71, 60X, 1.20 N.A. objective) was used to image
cells following a 4 min incubation at 37°C. DAPI (blue) was used as a nuclear stain. (a) 4 nM
PA-QDs (red) in the presence of 4 uM pyrenebutyrate (positive control). (b) 4 nM PA-QDs
(red) in the absence of pyrenebutyrate (negative control). (c) 4 nM QDs (red), in the absence
of PA, in the presence of 4 uM pyrenebutyrate (negative control).
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