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ABSTRACT Luminescent nanocrystals hold great potential for bioimaging because of their exceptional optical properties, but their
use in live cells has been limited. When nanocrystals enter live cells, they are taken up in vesicles. This vesicular sequestration is
persistent and precludes nanocrystals from reaching intracellular targets. Here, we describe a unique, cationic core-shell polymer
colloid that translocates nanocrystals to the cytosol by disrupting endosomal membranes via a low-pH triggered mechanism. Confocal
fluorescence microscopy and flow cytometry indicate that picomolar concentrations of quantum dots are sufficient for cytosolic
labeling, with the process occurring within a few hours of incubation. We anticipate a host of advanced applications arising from
efficient cytosolic delivery of nanocrystal imaging probes: from single particle tracking experiments to monitoring protein-protein
interactions in live cells for extended periods.
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Intracellular signaling pathways have proved to be enor-
mously complex, and dissecting them is a major focus
in cell1 and cancer2 biology. Multiplexed analysis of these

processes with spatiotemporal resolution in live cells has
been limited to the extent to which fluorescent or lumines-
cent probes remain active and bright during the observation
period, which can last from several hours up to days. Owing
to their exceptionally stable optical properties, luminescent
nanocrystals have emerged as near ideal reagents for mo-
lecular level imaging of biological events in individual cells.3

One of the major challenges in applying them as probes for
cellular imaging, however, has been the difficulty of using
them inside of live cells.4 Nanocrystals are typically taken
up by live cells via endocytosis and the large majority
remains trapped in endosomes, unable to reach the cytosol.5

Staining patterns corresponding to one or more nanocrystals
confined to endosomes are characteristically punctate and
often bright enough to obscure nanocrystal luminescence
elsewhere in the cytosol from those that may have adventi-
tiously escaped. Nanocrystals have been directly introduced
into the cytosol using microinjection or electroporation;
although, these methods are exceptionally labor intensive,
low throughput, and frequently incur cell death or stress.
Passive delivery strategies, including those mediated by
polymers (e.g., lipofectamine or PLGA4e) or nanocrystal
surface passivation with cell-penetrating peptides (e.g., the
TAT peptide derived from HIV-1), have demonstrated some
decrease in endosomal staining; however, the process is

slow and the prevalence of residual puncta may still interfere
with sensitive imaging experiments.6 To develop an efficient
and general method for targeting nanocrystals to the cytosol
and subcellular organelles, we have synthesized proton
sponge based core-shell polymer colloids that are able to
bind nanocrystals, transport them into the cell, and release
them into the cytosol within a few hours of application
(Figure 1a). Furthermore, we find that picomolar concentra-
tions of quantum dots bound to these colloids are sufficient
to give good cytosolic luminescence, with minimal evidence
of residual endosomal staining patterns. The overall process
is both straightforward and general to a broad range of
nanocrystal-based probe designs. We expect the technique
to substantially simplify how researchers apply nanocrystals
for imaging and diagnostics in live cells.

Noting that membrane impermeability and endosomal
sequestration prevent nanocrystals from reaching the cyto-
sol of live intact cells, we hypothesized that delivery could
be conferred if endosomal disruption were to be triggered
by some physical or chemical stimulus. pH-responsive
polymer colloids have previously been shown to mediate the
delivery of membrane impermeable macromoleculess
including drugs, proteins, and nucleic acidssto intracellular
targets in phagocytic dendritic cells and macrophages by
facilitating endocytosis and then disrupting late endosomes
at low intraorganelle pH (ca. 5.0-5.5).7 For example, aceta-
lated dextran-based colloids8 (Ac-Dex) undergo pH-triggered
decomposition in endolysosomal compartments, putatively
resulting in osmotic shock and endosomal rupture, while
colloids comprised of proton sponges9se.g., poly(�-amino
esters)10 (PBAEs)sdo so presumably via electrostatic desta-
bilization of the membrane. An initial screen of micropar-
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ticulate colloids (diameters ∼250 nm) prepared from these
polymers and their blends as delivery agents for protein-
coated CdSe/ZnS core-shell quantum dots (QDs) to HeLa
cells, which are a nonphagocytic cell line, showed either
weak staining, suggestive of poor cellular uptake, or puncta,
suggestive of sequestration within endosomes (panels a and
b of Figure 2, respectively). Other formulations along these
lines from acid degradable polyurethanes and acid degrad-
able PBAEs were likewise poor delivery agents or had little
propensity for nanocrystal adsorption (data not shown). We
concluded that charge-neutral colloids, as prepared from Ac-
Dex or acid degradable polyurethanes, were not efficient
carriers of nanocrystals to nonphagocytic cell types. Fur-
thermore, when the surface potential of these polymer
vectors was manipulated to have partial cationic character,
e.g., via blending of Ac-Dex with 10% w/w PBAEs, the
internalization efficiency improved; however, the intracel-
lular trafficking pathways seem not to give rise to the same
low-pH-driven endolysosomal release pathways that is typi-
cally observed for phagocytic cell types. Our results are

consistent with recent work pointing to the importance of
both cell type (i.e., phagocytic versus nonphagocytic) and
colloid surface charge in mediating efficient uptake and
cytosolic delivery of macromolecular cargo.11 Thus, while
there are many lessons to glean from the vast literature on
polymer carriers of membrane impermeable macromolecu-
lar cargo, most have not demonstrated broad applicability
to nonphagocytic cell types (i.e., the majority of cells) nor
have any demonstrated efficient delivery of nanocrystals to
the cytosol of live cells, free from endosomal confinement,
which is a prerequisite for most advanced bioimaging
schemes.

In an effort to develop a more efficient and general
method for the delivery of nanocrystals to the cytosol of
nonphagocytic cells, we designed cationic core-shell poly-
mer colloids containing a pH-buffering proton sponge using
poly(ethylene glycol) dimethacrylate (PEGDMA, MW ) 330
Da) cross-linked poly(2-(diethylamino)ethyl methacrylate)
(PDEAEMA) for the core and poly(2-aminoethyl methacry-
late) (PAEMA) for the shell (Figure 1b). The colloids were
synthesized by surfactant-free emulsion polymerization at
70 °C in water using ammonium persulfate (APS) as the
initiator. The PDEAEMA-co-PEGDMA cross-linked proton
sponge cores were grown for 3 h, reaching a diameter of
∼120 nm, prior to the addition of AEMA for the shell.
Colloids were purified by dialysis and characterized by
dynamic light scattering (DLS) at physiologically relevant
neutral and acidic pH (Figure S2 in the Supporting Informa-
tion). Independent of temperature, these colloids expand
dramatically below pH 6, exhibiting up to a 50-fold increase
in volume, consistent with recent studies of related hydro-
gels.12 This is a direct consequence of the proton sponge
core, which becomes charged and solvated at low pH as the
PDEAEMA’s tertiary amines become protonated. We and
others have demonstrated that the volume expansion ex-
hibited by these cationic core-shell polymer colloids dis-
rupts late endosomal membranes,12,12e possibly providing
for a novel mechanism of release for bound nanocrystals
into the cytosol of live cells. The increase in volume is
concomitant with an increase in the � potential from +7 mV
at pH 7.4 to +45 mV at pH 5.5, which may also serve to
compromise endosomal membrane integrity in a manner
similar to PBAEs. To the best of our knowledge, cationic
core-shell colloids such as these have not been employed
previously to deliver nanocrystals to the cytosol of live cells
nor have they demonstrated applicability to nonphagocytic
cells types as described here.

Addition of streptavidin-coated quantum dots (605-SA-
QDs, diameter ∼20 nm, λem ) 605 nm, � ) -9 mV in PBS
at pH 7.4) to the colloids led to facile self-assembly, presum-
ably through multivalent electrostatic interactions between
the ammonium ions on the colloid shell and acidic strepta-
vidin side chains (Scheme 1). After 12 h, the coassembly
showed a monomodal distribution by DLS and, most im-
portantly, quantum dot luminescence was undiminished

FIGURE 1. Delivery of nanocrystals to the cytosol of live cells with
cationic core-shell polymer colloids. (a) Suggested mechanism of
cellular uptake, trafficking, expansion, and endosomal rupture,
leading to cytosolic delivery of nanocrystals. (b) Schematic depiction
of cationic core-shell polymer colloids and their constituent
monomers.
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(data not shown). Increasing the ratio of quantum dots to
colloids resulted in a monotonic increase in the diameter of
the assembly, from 155 to 180 nm, with an inversion of the
� potential to negative values observed for quantum dot
concentrations exceeding 5 nM (Figure 3). We anticipated
that the internalization of quantum dot loaded colloids would
be optimal when the overall � potential at the surface
remained positive. Furthermore, initial cell viability assays
(Figure S4 in the Supporting Information) indicated that cell
health was adversely affected for colloid concentrations in
excess of 100 µg mL-1. Therefore, we proceeded with cell
labeling experiments with no greater than 100 µg mL-1 of
the colloids used in conjunction with less than 5 nM of the
streptavidin-coated quantum dots.

For live cell imaging, HeLa cells were incubated with
50-100 µg mL-1 of cationic polymeric colloids coated with
quantum dots or with an equivalent concentration of quan-
tum dots alone. In contrast to charge neutral colloids based
on acetalated dextrans or their blends with PBAEs, cells
incubated with quantum dot loaded (PDEAEMA-co-PEGDMA)-
graft-PAEMA core-shell colloids showed diffuse lumines-
cence in the cytosol after as little as 4 h (Figure 2C). Rapid
delivery appears to be characteristic for these colloids over
other polymer carriers, which often require between 24 and
48 h to disrupt endosomes.4e,8,10 Potential mechanisms for
this colloid-mediated endosomal disruption are being ex-
plored and include mechanical breach of endosomal bilayers
by explosive colloid expansion, osmotic shock caused by
hydration of cations within the previously hydrophobic core,
or rapid changes electrochemical potential due to the move-
ment of anions to the core.

The extent to which the cationic polymer colloids affected
the subcellular localization of internalized quantum dots was
investigated with confocal fluorescence microscopy and
colocalization with known organelle stains. In these experi-
ments, HeLa cells were exposed to the lipophilic membrane
tracer dye 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO,
λem ) 501 nm) to visualize endosomes, as well as the nuclear
stain 4′,6-diamidino-2-phenylindole (DAPI, λem ) 461 nm).
In control experiments without the polymer colloids, we did
not observe accumulation of quantum dots in HeLa cells at
subnanomolar concentrations (Figure 4a-c); although en-
dosomes were readily observed as indicated by the punctate
staining pattern in the DiO channel (Figure 4a,c, green). This
points to the efficacy with which our DiO-based staining
protocol allows for the visualization of endosomes over the
time period of nanocrystal entry to the cell. At higher
concentrations of quantum dots (e.g., 5 nM), their internal-
ization was pronounced but confined to vesicular compart-
ments, as evidenced by strong colocalization in the DiO and
605-SA-QD signals (Figure S5, yellow (Supporting Informa-
tion)). This endosomal sequestration persisted even after
12 h following incubation, indicating relatively little self-
mediated escape or disruption of endosomal membranes by

FIGURE 2. Vector-mediated internalization of 605-SA-QDs (5 nM) by HeLa cells using various pH-responsive polymer colloids. Nanocrystal
staining patterns were observed using wide-field fluorescence microscopy. Bright field images are shown for three vectors with the nanocrystal
channel overlaid in order to visualize the fate of nanocrystals using the different chemical compositions and thus mechanisms for delivery.
Acid degradable Ac-Dex based vectors (a) gave weak signals in the 605-SA-QD channel suggesting poor internalization efficiency for this cell
type. Improved cell uptake was observed for vectors comprised of Ac-Dex blended with 10% w/w PBAEs (b); however the staining pattern
was characteristically punctuate suggesting vesicular confinement. In contrast, cationic PDEAEMA-co-PEGDMA core-PAEMA shell polymer
vectors with low pH-mediated volume expansion showed diffuse cytosolic staining (c) suggesting nanocrystals no longer reside in vesicles.

SCHEME 1. Adsorption of Anionic Streptavidin-Coated
Quantum Dots onto the Surface of Cationic Core-Shell Polymer
Colloids via Nonspecific Electrostatic Interactions

FIGURE 3. Changes in surface potential (�) and diameter (d) of
cationic core-shell polymer colloids charged with QDs in PBS at pH
7.4 at the indicated concentrations (c) as determined by electroki-
netic potential measurements and dynamic light scattering.
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the quantum dots themselves. In contrast, the cationic
polymer colloid mediated delivery of quantum dots featured
both intense and diffuse perinuclear staining patterns as well
as weak colocalization with DiO labeled endosomes (Figure
4d-f). Instances where strong DiO colocalization was ob-
served with quantum dots (Figure 4f, yellow) suggest a scant
fraction of endosomes are slow to acidify. Shorter incubation
times or lower concentrations of quantum dots both gave
less intense labeling in the cytosol, offering an efficient
means of controlling the number of nanocrystals introduced
into cells for single particle tracking and other applications
where a low degree of labeling is desirable.

Insight into the mechanism of cytosolic delivery was
carried out by visualizing quantum dot distribution in HeLa
cells as a function of time following incubation with the
colloid-quantum dot assemblies. Live HeLa cells were
treated with 605-SA-QDs (1 nM) bound to our cationic
core-shell polymer colloids (50 µg mL-1) for 1 h. Cells were
then washed extensively, and fresh growth medium was
introduced before further incubation at 37 °C. After various
time points (4, 8, 12, and 24 h) following the initial incuba-
tion, the subcellular localization of the 605-SA-QDs was
investigated using confocal fluorescence microscopy. As
before, endosomal (DiO) and nuclear (DAPI) stains were
applied so that residual confinement of 605-SA-QDs to
endosomes could be visualized directly. Internalization of
605-SA-QDs bound to polymer colloids was rapid (Figure
5a-c), with pronounced luminescence after 1 h. Some
colocalization between 605-SA-QDs and DiO-labeled endo-
somes was observable immediately following the incubation
(Figure 5C), although the majority of particles appear to have
already escaped vesicular confinement. At this stage of the

delivery, nanocrystals remain bound to the polymer colloids,
which give rise to slightly larger staining features (Figure 5B).
After 4 or 8 h, the nanocrystal staining patterns were more
diffuse throughout the cytosol (Figure 5d-f). No colocaliza-
tion with DiO labeled endosomes was observable at these
and later stages (Figure 5g-i). Diffuse cytosolic staining was
persistent even after 24 h (Figure 5j-l), with cell densities
and morphologies phenomenologically consistent with ear-
lier times. Some nanocrystal aggregation can be inferred
from the images taken at 24 h, which may point to a future
effort in more stable coatings for nanocrystals used in
intracellular work. Nevertheless, the protocol appears to
meet the demands for nanocrystal imaging over extended
periods with cells in culture. The imaging results also suggest
that the rate-limiting step in the delivery scheme is likely to
be the diffusion of nanocrystals from the polymer colloids.
Optimized chemistries at the colloid-nanocrystal interface
to control this process in cells are currently being explored.

While fluorescence images are a critical gauge of cellular
labeling techniques, variations in cell type, microscope
settings, image processing, and interpretation make quan-
titative comparisons difficult. Therefore, we employed flow
cytometry to quantify the labeling efficiency and possible
toxicity imparted by the cationic polymer colloid or the
quantum dots themselves. HeLa cells were incubated with
quantum dots either in the absence or in the presence of
the polymer vector as in previous experiments. In the
absence of the polymer vector, there was no increase in 605
nm emission over background in cells treated with 50 or 500
pM quantum dots alone (Figure 6a), in good agreement with
the confocal fluorescence microscopy experiments that
pointed to poor internalization efficiency at subnanomolar

FIGURE 4. Confocal fluorescence microscopy determines the intracellular fate of nanocrystals delivered to live HeLa cells. HeLa cells incubated
with 500 pM 605-SA-QDs in the absence of polymeric colloids show poor labeling efficiency: (a) nuclear (DAPI) and endosomal (DiO)
fluorescence; (b) nuclear and QD signals; (c) an overlay of these two images. HeLa cells incubated with 500 pM 605-SA-QDs in the presence
of polymer colloids, on the other hand, show a high degree of cytosolic labeling without residual punctuate endosomal staining patterns: (d)
nuclear and endosomal fluorescence; (e) nuclear and QD signals; (f) an overlay of these two images. All images were captured and processed
identically, as described in the Supporting Information. Scale bar is 5 µm.

© 2010 American Chemical Society 4089 DOI: 10.1021/nl102172j | Nano Lett. 2010, 10, 4086-–4092

http://pubs.acs.org/action/showImage?doi=10.1021/nl102172j&iName=master.img-004.jpg&w=311&h=207


concentrations of probes. At a quantum dot concentration
of 5 nM, labeling was clearly observed, with the increase in
the geometric mean fluorescence 2.5-fold above background
(Figure 6a, purple), although the confocal fluorescence imag-
ing indicates that the probes remained sequestered in en-
dosomes under these labeling conditions (Figure S5 in the
Supporting Information). By comparison, the quantum dot
delivery efficiency to HeLa cells was markedly improved in
the presence of polymer colloids, and the extent of labeling
was commensurate with increasing concentrations of the
probes. In the highest concentration tested (5 nM), the
increase in the geometric mean fluorescence above back-
ground was approximately 20-fold. These results were also

consistent with the confocal fluorescence microscopy ex-
periments where the degree of cytosolic staining was deter-
mined by the initial concentration of the probes and to a
lesser extent the incubation time.

As a preliminary, qualitative measure of toxicity, the
scatter plots from the flow cytometry experiments indicated
that the presence of increasing amounts of quantum dots
in the cytosol led to a decrease in both the average size of
the HeLa cells and the degree of internal complexity (or
granularityse.g., fewer subcellular compartments, including
endosomes), suggesting that the directed cytosolic delivery
of these particular quantum dots to live cells had a pro-
nounced effect on cell physiology (Figure S6 in the Support-

FIGURE 5. Dynamics and mechanistic aspects of vector-mediated nanocrystal delivery to the cytosol. Confocal fluorescence microscopy of
HeLa cells incubated with 605-SA-QDs (1 nM) and cationic core-shell polymer colloids (50 ug mL-1) was carried out. After an initial incubation
of 1 h, cells were washed extensively and subsequently imaged at different time points during the delivery process: 0 h (a-c), 8 h (d-f), 12 h
(g-i), and 24 h (j-l). Nuclei were stained with DAPI (blue) with membranes and endosomes stained by DiO (green). Key: (a, d, g, and j)
nuclear and endosomal fluorescence; (b, e, h, and k) nuclear and QD signals; and (c, f, i, and l) an overlay of these two images. Colocalization
of cationic core-shell polymer colloids loaded with 605-SA-QDs (yellow) appeared primarily after the initial incubation (c), while characteristic
diffuse cytosolic labeling occurred in 4-8 h. All images were captured and processed identically, as described in the Supporting Information.
Scale bar is 25 µm.
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ing Information). In control experiments, neither colloid
alone nor quantum dots alone showed similar effects. Previ-
ous work has not yielded a consensus on nanocrystal cell
toxicity or its possible origins,13 which may arise from
phenomena as varied as heavy metal leaching from the
nanocrystal, specific physiological responses to the quantum
dot surface coatings, or the nature of synthetic nanomate-
rials themselves. These initial results point to the opportunity
to use these cationic polymer vectors in conjunction with
flow cytometry as well as genomic and proteomic analyses
to establish how and to what extent these luminescent
nanocrystals affect specific aspects of cell biology. Given the
efficiency of delivery for nanometer-scale objects to the
cytosol as shown here, other nanoparticles may also be
explored for their toxicity and downstream effects on cell
physiology.

For live cell imaging with quantum dots and other nano-
scale probes, their complacent sequestration in vesicles has
been commonplace and a persistent challenge to overcome.
We have shown here that quantitative release from endo-
somes is afforded by first assembling them to our pH-
responsive cationic core-shell polymer colloids before in-
troducing them to cells. The process is technically very
simple and affords cytosolic delivery in only a few hours
after incubation. The methodology is demonstrated for a

nonphagocytic cell line, which is generally recognized to be
more difficult, granting researchers the option of pursuing
multiplexed imaging experiments with a broader range of
cells. As it is amenable to high throughput schemes, we
envision a myriad of possible applications in cell and cancer
biology, nanomedicine, and medical diagnostics. The ef-
ficiency of delivery also suggests that these colloids should
be useful in addressing nagging questions about nanocrystal
toxicity to cells.
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S. E.; Dashe, J.; Fréchet, J. M. J. Mol. Pharmaceutics 2008, 5, 876.
(b) Paramonov, S. E.; Bachelder, E. M.; Beaudette, T. T.; Standley,
S. M.; Lee, C. C.; Dashe, J.; Fréchet, J. M. J. Bioconjugate Chem.
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