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ABSTRACT: We describe a new quantum dot (QD)-conjugate
prepared with a lytic peptide, derived from a nonenveloped
virus capsid protein, capable of bypassing the endocytotic
pathways and delivering large amounts of QDs to living cells.
The polypeptide, derived from the Nudaurelia capensis Omega
virus, was fused onto the C-terminus of maltose binding pro-
tein that contained a hexa-HIS tag at its N-terminus, allowing
spontaneous self-assembly of controlled numbers of the fusion
protein per QD via metal−HIS interactions. We found that
the efficacy of uptake by several mammalian cell lines was
substantial even for small concentrations (10−100 nM). Upon internalization the QDs were primarily distributed outside the
endosomes/lysosomes. Moreover, when cells were incubated with the conjugates at 4 °C, or in the presence of chemical
endocytic inhibitors, significant intracellular uptake continued to occur. These findings indicate an entry mechanism that does
not involve endocytosis, but rather the perforation of the cell membrane by the lytic peptide on the QD surfaces.

■ INTRODUCTION

Fluorescence labeling and tracking techniques are required to
understand a variety of biological processes, including protein−
protein interactions, specific intracellular signaling, and imaging
of tissue and cells.1,2 For decades this approach has relied on
the use of organic dyes and fluorescent proteins,3−5 but more
recently fluorescent inorganic nanocrystals have gained interest
as they offer additional characteristics that can advance this
technology.6−8 Among those, luminescent quantum dots (QDs)
represent a promising platform that has generated much activity
in the past decade.7−12

These nanocrystals possess several novel size- and composition-
dependent photophysical and chemical properties including high
quantum yields, broad absorption spectra, narrow symmetric
emission profiles, and large achievable Stokes shifts.7,8,13,14 In
addition, due to its large surface to volume ratio, a nanocrystal
can be functionalized with multiple biomolecules. These fea-
tures combined make QDs well-suited for sensing and multi-
color in vitro and in vivo imaging.8,11,15,16

A few criteria must be met to successfully integrate these
materials with biotechnology, including (1) access to high quality
hydrophilic QDs, (2) effective schemes to promote their
intracellular uptake, and (3) minimal to no cytotoxicity to live
cells and tissues. Reports describing QD-bioconjugates that
meet all these criteria remain limited.
Two main strategies aimed at promoting the passive delivery

of QDs, gold nanoparticles, and magnetic nanocrystals employ
either lipid-based transfection reagents,17,18 or cell-penetrating

peptides (CPP).19,20 These methods typically result in
nanocrystals entering the cells via endocytosis, with subsequent
entrapment in endosomal/lysosomal compartments.20,21

Uptake is generally low, even when targeting agents are used
with long incubation times. For example, Lee and co-workers
recently reported the use of a histidine-rich nona-arginine
(HR9) peptide and an INF7 fusion peptide (derived from the
influenza virus) also combined with a nona-arginine peptide
sequence (IR9), to promote the uptake of QDs by A549 cells.22

The QD−peptide conjugates were formed via noncovalent
interactions with carboxy-rich polymer-encapsulated QDs
(e-Biosciences). They reported that QD-IR9 conjugates may
enter cells through the endocytotic route, but subsequently
escape from the endosomal compartments through the activity
of the INF7 fusogenic domain.23 In another independent
study, Galdiero and co-workers tested the ability of a peptide
sequence derived from the glycoprotein gH of Herpes simplex
type 1 virus, gH625, to promote the intracellular uptake of a
few cargo molecules including conjugated-QDs. This peptide
interacts with biological membranes, and is believed to contri-
bute to the merging of the viral envelope with the membrane of
target cells.24 The authors reported that the peptide is able to
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diffuse inside the lipid vesicles and without involving pore
formation in the cell membrane, carrying a few distinct cargo
molecules. The peptide was conjugated onto the QDs via EDC
(1-ethyl-3(3-(dimethylamino)propyl)-carbodiimide, hydro-
chloride)/NHS (N-hydroxysuccinimide) condensation reac-
tion, and when the conjugates were incubated with HeLa
cells a sizable internalization was measured. Little to no uptake
was measured in the absence of gH625. Electroporation and
microinjection were investigated for the introduction of
nanocrystals directly into the cytosol,25−27 and more recently
a “mechanical” approach was also described. Here cells were
conveyed in a microfluidic device through a constriction
channel, where their membranes are transiently disrupted, cre-
ating openings that allowed diffusion of QDs into the cytosol.28

These electrical/mechanical methods are traumatic to the cells
and lead to stress and/or damage. Clearly, new effective means
to promote the nonendocytotic uptake of nanomaterials by live
cells is still needed.
Here, we report a novel method for the benign delivery of

QDs conjugated with a 74-amino-acid lytic polypeptide derived
from Nudaurelia capensis omega virus (NωV), a nonenveloped
ssRNA virus that infects insects from the lepidoptera genera
(butterflies and moths).29 A common feature of all non-
enveloped animal viruses is a particle-associated lytic peptide
that is activated by a chemical cue, which facilitates membrane
rupture for genome or particle delivery to the cytoplasm.30

Although the entry mechanism for most nonenveloped viruses
is poorly understood, it is clear that the membrane-interacting
polypeptides enable the internalization of particles as large as
90 nm (e.g., rotavirus capsids).30

NωV assembles as a pro-capsid and undergoes maturation
involving a large conformational change and an autocatalytic
cleavage reaction producing the main capsid protein (residues
1−570) and the γ-peptide (residues 571−644).31 The cov-
alently independent gamma peptides remain associated with
the virus particle and disrupt artificial liposomes.32 The
γ-peptides have a hydrophobic N-terminal motif that is predicted
to form transmembrane helices (TMpred http://www.ch.
embnet.org/software/tmbase/TMBASE_doc.html) and a
C-terminal portion containing 8 arginines within the last 17
residues. The high concentration of positively charged residues
is a hallmark of cell penetrating peptides, and together with the
N-terminal putative TM helix, suggested that this peptide could
be an efficient agent for the internalization of nanoparticles.
The polypeptide was genetically fused onto the C-terminal of

a maltose binding protein appended with an N-terminal hexa-
HIS tag, to facilitate expression of the construct in E. coli bac-
teria. The purified HIS-MBP-γ spontaneously self-assembled
onto the QDs through metal−histidine interactions.33,34 We
found that low concentrations (10−100 nM) of QD-MBP-γ
assemblies were taken up by three different mammalian cell lines
to an extent commensurate with the concentrations and incu-
bation times. Cellular uptake experiments were supplemented
by flow cytometry measurements, and results correlated well
with the fluorescence microscopy data. Additionally, we com-
bined endosome labeling experiments with incubation in the
presence of common endocytosis inhibitors to verify that uptake
of the QD-MBP-γ most likely bypasses the commonly encoun-
tered endocytotic pathways.

■ RESULTS
Previous studies showed that the γ-peptide perforates the
membrane of synthetic liposomes either when associated with

particles as a covalently independent molecule, or as an isolated
polypeptide.32 We reasoned that functionalizing QDs with this
γ-peptide would allow the uptake of QD cargos via a non-
endocytic pathway. Expression of the γ-peptide in bacteria was
inefficient due to induced toxic effects to the host bacteria/cells.
However, genetically fusing the gene encoding γ-peptide
onto the C-terminus of a hexa-HIS labeled maltose binding
protein allowed efficient expression in E. coli. In addition, the
HIS-MBP-γ construct provided a simple coupling strategy
based on metal-affinity coordination between the imidazole
groups of the terminal HIS-tag and the Zn-rich QD surfaces
(Figure 1A).33,35−37 Previous studies showed that because such

interactions require direct coordination between the imidazole
groups and the surface of the nanocrystal, this self-assembly
provides QD-conjugates with controlled valence and protein
orientation.33,36 For the present system this offers a QD-conjugate
configuration where γ-peptide is oriented away from the QD sur-
face for optimal interaction with the cell membrane (Figure 1A).

Self-Assembly of QD-MBP-γ Peptide Conjugates. QDs,
prepared following the high temperature injection route,38 were
photoligated with LA-zwitterion ligand producing compact

Figure 1. (A) Schematic representation of a QD-lytic peptide
assembly; the drawing is not to scale. (B) Binding of the self-
assembled QD-MBP-γ conjugates onto amylose column and their
release by soluble maltose. (C) Normalized absorption and photo-
luminescence spectra of the green-emitting QDs used in this study.
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ZW-QDs that are colloidally stable over a broad range of pH
values, and optimally suited for metal−histidine conjugation
with proteins.37 Figure 1C shows the normalized absorption
and photoluminescence spectra for green-emitting, ligand
exchanged ZW-QDs. The QD-MBP-γ bioconjugates were
formed by mixing the (His)6-appended MPB-γ with the
ZW-QDs in PBS buffer. The conjugate formation was initially
confirmed in vitro using affinity chromatography: binding onto
amylose column and release by soluble maltose (Figure 1B).
When the conjugate was delivered to a column containing an
amylose gel, a fluorescent (green) band attributed to the QD
emission was observed under UV excitation, confirming the
presence of MBP on the QDs. The band was stable after several
washes with PBS buffer, but was readily eluted after addition of
2−3 mL of 20 mM solution of D-maltose; the latter binds with
greater affinity to MBP than amylose. These data clearly
showed that the self-assembly between ZW-QDs and His6-
MBP-γ took place and that the MBP maintained its specific
activity. In addition, access to the maltose-binding pocket
requires significant exposure of the protein, demonstrating that
MBP, and consequently γ-peptide were exposed on the QD
surface, consistent with the conjugate configuration shown in
Figure 1A. The preserved biological activity of MBP after
immobilization on the QDs is in full agreement with previous
findings, where conjugate formation was further characterized
by gel electrophoresis and dynamic light scattering (DLS)
measurements. The latter show that there is an increase in the
overall hydrodynamic radius of the QD−protein conjugates
(compared to the unconjugated QDs) that is commensurate
with the number of MPB attached per QD.27,39

Intracellular Uptake. We explored the effects of QD
concentration, incubation time, temperature of incubation,
and endocytic inhibition on the degree of intracellular uptake,
applied to three sets of eukaryotic cells, HeLa, HEK293, and
NIH/3T3. The cells were prepared and tested with three sets of
QD dispersions: unconjugated QDs, QD-MBP conjugates, and
QD-MBP-γ conjugates; the QD-conjugates were self-assembled
with MBP or MBP-γ at a molar ratio of 1:10. Incubation with
QDs and QD-MBP was used as control experiments.
First, HeLa cells were incubated either with varying

concentrations of QD-MBP-γ for a fixed incubation time or
with a fixed concentration of reagents while varying the time
of incubation. Each row of panels in Figures 2 and 3 shows
representative differential interference contrast (DIC) and
fluorescence images corresponding to the distribution of DAPI
nuclear staining (blue), QDs (green), Cy5-transferrin (Cy5-Tf,
red), and the merged images. Figure 2B shows that when cells
were incubated with the conjugates for 30 min the characteristic
fluorescence of the QDs (green) increased commensurately
with increasing QD-conjugate concentrations.
Figure 3A,B shows that with incubation times of 10 min and

1 h at 10 nM or 100 nM of the conjugates, the internalization
of QDs was proportional to the incubation time. Incubation
of cells with the control solutions of QDs only or QD-MBP
conjugates (no γ-peptide) produced negligible intracellular
green emission for the same concentrations and incubation
time (Figure 2A). Additional data on the peptide mediated
uptake of QD-MBP-γ bioconjugates by NIH/3T3 and HEK293
cells are provided in the Supporting Information, Figures S2
and S3.

Figure 2. Effect of QD-conjugate concentration on the intracellular uptake. Images collected from HeLa cells incubated with nonconjugated and
conjugated QDs at 37 °C for a fixed incubation time of 30 min. (A) Cells incubated with 50 nM of QDs and QD-MBP along with control culture.
(B) Cellular uptake of QD-MBP-γ bioconjugates incubated at different concentrations. The DIC and epi-fluorescence images were collected using a
40× magnification objective.
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Intracellular Distribution of QD-MBP-γ Does Not
Correlate with Endosomes. Confocal microcopy imaging
was used to track QD-conjugates inside cells coincubated
with Cy5-transferrin (red), a recycling endosome marker.40,41

Indeed, the fluorescence signals were found in significantly dif-
ferent regions of the cells; the Cy5 emission was largely found
in the perinuclear region, while that of the QDs was distri-
buted throughout the cytoplasm but not in the nucleus (see
Figure 4B). Confocal fluorescence images collected at different
focal planes along the vertical axis showed that the QD signal
was limited to the intracellular volume with the maximum
distribution localized in the middle of the cell (where the
DAPI signal was also the highest). QD fluorescence decreased
to background levels when the focal plane was moved away
from the middle of the cell (see Supporting Information
Figure S4). These data combined prove that inside the cells the
QDs are not associated with endosomes, and suggest an uptake
mechanism that does not involve endocytosis.
To complement and support the above findings, namely, that

QD-MPB-γ conjugate transfer through the plasma membrane
is likely the driving mechanism, we carried out two sets of
experiments: (1) Cellular uptake was studied at lower tem-
perature (4 °C); and (2) incubation in the presence of sodium
azide and sucrose. Incubation at lower temperature (4 °C)
has been used as one of the means to block endocytosis, while
NaN3 and sucrose are reported chemical inhibitors of endo-
cytosis, via ATP depletion and blocking of clathrin-mediated
endocytosis, respectively.9,20,42−47 Data show that although the
process of endocytosis is reduced in cells incubated with the
conjugates at 4 °C, sizable amounts of intracellular uptake of

QD-MPB-γ conjugates persisted as indicated by the measured
green emission (see Figure 4B, panel g). Similar results were
collected when the cell cultures were pretreated with solutions
of 10 mM NaN3 and 50 mM 2-deoxy-D-glucose for 30 min, or
preincubated with 0.4 M sucrose solution for 1 h, prior to
incubation with the QD-MBP-γ conjugates. The images shown
in Figure 4, panels h and i, show that here too cells can readily
internalize QD-conjugates under these conditions. Nonetheless,
uptake is slightly reduced under these inhibitory conditions
in comparison to normal conditions. In comparison, no
measurable Cy5-transferrin staining was observed at 4 °C, indi-
cating that virtually no endocytosis occurred under these con-
ditions. Furthermore, no uptake was detected for nonconjugated
QDs at 4 °C (Figure 4B, panel j). These findings combined
with the confocal images shown above strongly suggest that
internalization of the QD-MBP-γ primarily occurs via trans-
location through the membrane; some levels of endocytosis-
driven uptake may still be present, nonetheless.
These findings contrast with experiments carried out by our

group using similarly capped QDs, coupled to cell penetrating
peptides, either via metal−histidine conjugation (e.g., using the
sequence His8-Trp-Leu-Ala-Aib-Ser-Gly-(Arg)8-amide), or via
covalent coupling, where QD intracellular staining was con-
sistently found to coincide with the endosomal distribution.20,48

The latter were visualized using a red-emitting dye-attached to a
transferrin protein, as done in this study.

Flow Cytometry Measurements. Flow cytometry com-
plements the imaging data by providing the average fluo-
rescence of the cellular ensemble when incubated with the
above QD-MBP-γ conjugates. The intracellular fluorescence,

Figure 3. Effect of the incubation time on the intracellular uptake for a fixed concentration of QD-MBP-γ conjugates. Images collected from HeLa
cells incubated with conjugates at 10 nM (A) and at 100 nM (B). Incubation was carried out at 37 °C and images (DIC and epi-fluorescence) were
collected using a 40× objective. (C) Expansion (by 250%) of the indicated panels shown in B.
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associated with the QDs, was quantitatively determined by
measuring the fluorescence intensity with a 525/50 nm filter
and a laser excitation at 405 nm.49 Cells incubated with
QD-MBP-γ at 50 nM for 10 min, had a fluorescence intensity
corresponding to a labeling efficiency of ∼18% (i.e., 17.7% of
the cell population was labeled with QD-MBP-γ, Figure 5C).
At the same concentration, incubation times of 30 min and 1 h,
produced fluorescence intensity corresponding to 80.4% and
95% of the cells being labeled (Figure 5D,E). A negligible signal
was measured for cells incubated with QDs only (Figure 5B).
A quantitative bar graph describing these measurements is
shown in the Supporting Information (Figure S5).
Cells Permeated with QD-MBP-γ Remain Fully Viable

for Multiple Generations. The MTT (3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide) cell viability assay
was employed to determine the cytotoxicity of QD-MBP-γ.
Reduction of MTT to formazan by mitochondrial enzymes prod-
uces an absorbance at 570 nm that can provide a direct measure
of mitochondrial activity and cell vitality. HeLa cells were
incubated with QD-MBP-γ conjugates at concentrations between
6.25 nM and 100 nM for 90 min, followed by rinsing and further
culturing for 24 h. Absorption measurements were then per-
formed with a TECAN spectrophotometer (Infinite M1000).

The data summarized in Figure 6C show that cell viability
remained at ∼100% and comparable to the viability measured for
cells incubated with unconjugated QDs or QD-MBP conjugates.
Thus, cells permeated with QD-MBP-γ display normal mito-
chondrial activity, in good agreement with previous findings, and
indicate that these colloidally stable QD conjugates elicit no toxic
effects at nanomolar to micromolar concentrations.20,50,51

Following Extended Incubation Intracellular QD-MBP-γ
Diffuses and Partially Localizes to Lysozomes. HeLa
cells were tested under conditions of acute exposure to the
QD-MBP-γ, and cultures were monitored over longer periods
of time to determine the fate of the conjugates. Cell cultures
were first incubated with the QD-MBP-γ at high concentration
(100 nM) for 90 min followed by rinsing and subsequent
culture for 6, 12, and 24 h. Figure 6A shows that following incu-
bation, the QD-associated green fluorescence was pronounced
and distributed in regions of the cells that are distinct from
those of recycling endosomes. Subsequently cultured cells con-
tinued to proliferate at a rate similar to those measured for
control cultures, with no change in density or morphology.
Following periods of cell division the green signal weakened
and dispersed in the cytosol, but gradually localized closer to
the nucleus (Figure 6A, panels b and c). In particular, after 24 h

Figure 4. (top panels, A) Confocal microscopy images of HeLa cells incubated with QD-bioconjugates for 30 min at 37 °C. Shown side-by-side are
control culture without QDs (a), and cells incubated with 50 nM unconjugated QDs (b), 50 nM QD-MBP (c), 50 nM QD-MBP-γ (d), and 100 nM
QD-MBP-γ (e); the DIC image (f) corresponds to the fluorescence image shown in panel (e). Arrows indicate the QD internalization (green).
Endosomal compartments and nuclei are stained with Cy5-apo-transferrin (red) and DAPI (blue), respectively. Images collected using a 60×
objective. (bottom panels, B) Images collected from HeLa cells incubated for 40 min with 100 nM QD-MBP-γ conjugates, at 4 °C (g), in the
presence of 10 mM NaN3 (h) in the presence of added sucrose (i), and with QDs at 4 °C, control (j).
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of culturing, we observed moderate colocalization of QD
fluorescence with Cy5-transferrin, indicating that some of
the conjugates reside in multivesicular body-like structures
(Figure 6A, panel d) long after entry. DIC images in Figure 6B
show that cell morphology and density were essentially iden-
tical for cultures incubated with QDs, QD-MBP-γ conjugates
and control cultures not exposed to any reagents.

■ DISCUSSION
The above results indicate that QDs self-assembled with MBP-
lytic-peptide interact with live cells in a drastically different
manner compared to cells incubated with pure QDs or QDs con-
jugated to cell-targeting biomolecules, including cell penetrating
peptides, RGD peptides, and receptor-targeting molecules
(e.g., folic acid,52 epidermal growth factor (EGF),53 trans-
ferrin,54 extracellular enzymes such as matrix metalloprotease
2 [MMP-2] and MMP-7,55 and cholera toxin subunit B
(CTB)).56 All the latter delivery vehicles resulted in QD-
conjugates sequestered within endosomal compartments, and
essentially isolated from the cellular machinery. In contrast,
the γ-peptide promotes a highly efficient pathway for the

Figure 5. Quantitative assessment of QD uptake by HeLa cells using
flow cytometry. Cells alone (A); cells incubated with 50 nM QDs
(B); cells incubated with 50 nM QD-MBP-γ at 37 °C using incubation
times of 10 min (C), 30 min (D), and 1 h (E). P2 designates the
percent fluorescence labeling of the cells; P2 = 0.2% (A, control), P2 =
1.1% (B), P2 = 17.7% (C, 10 min), P2 = 80.4% (D, 30 min), and P2 =
95% (E, 1 h).

Figure 6. (A) Fate of the QD-MBP-γ inside cells following uptake and
culturing. Representative confocal microscopy images (magnification
60×) of HeLa cells incubated for 90 min at 37 °C with 100 nM
QD-MBP-γ. The cells were then washed twice with PBS 1× and
incubated with fresh media for (a) 1 h 30 min, (b) 6 h, (c) 12 h, and
(d) 24 h; scale bar = 30 μm. (B) DIC images of the above cell cultures
shown side-by-side with control culture. After 90 min of incubation
with the conjugates, the cells were washed and cultured in fresh media
for 24 h prior to imaging. Images shown are from cells incubated
without QDs (a, control), QDs (b), QD-MBP (c), and QD-MBP-γ (d).
Scale bar = 100 μm. (C) MTT viability assay conducted on HeLa cells
incubated with 100 nM of the QD reagents for 90 min, washed with
PBS buffer, and cultured in fresh media for 24 h prior to data
collection.
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intracellular uptake of QD cargos that does not involve
endocytosis. This conclusion is confirmed by the high levels of
intracellular uptake of QD-MBP-γ even for relatively short
incubation times. It is further supported by fluorescence data
collected from cells incubated with QD-conjugates at 4 °C and
in the presence of commonly used endocytosis inhibitors,
where a sizable uptake of QD-MBP-γ is measured for HeLa
cells (Figures 3 and 4). In addition, comparable intracellular
entry and distributions of QD fluorescence is observed across
multiple types of cell lines. These results demonstrate a major
role played by the lytic peptide in facilitating nonendocytotic
uptake of the QD-conjugates.
In its normal setting, the γ-peptide is generated as part of the

virus maturation program by an autocatalytic cleavage of the
capsid protein where residues 571−644 are covalently released
from the sequence 1−570. The crystallographic structure of
NωV virion shows that the γ-peptides are not exposed to the
external environment and remain noncovalently associated with
the virus.57 Therefore, the virus lytic activity depends on the
dynamic motions of the capsid that allow γ-peptide exposure
and interaction with cellular membranes. This exposure is
regulated by pH and, contrary to viruses that are activated by
the acidic pH in the late endocytotic vesicles, NωV is only
active above pH 7.32 This mechanism relies on the electrostatic
interactions that dominate the contacts between the capsid
subunits. At pH 5.0, repulsion forces generated by negatively
charged amino acid residues on the subunit interfaces are
neutralized by protons and the capsid is stable and compact.58

The γ-peptides are immobilized inside the capsid under these
conditions and no lytic activity is detected. Increasing the pH
removes protons and negatively charges the juxtaposed acidic
residues between the subunits resulting in exposure of the
gamma peptides. This unusual regulation has led to the
hypothesis that NωV uses the alkaline environment of the
Lepidoptera midgut as an activation cue for infection, and virus
entry occurs through the plasma membrane, independent of the
endocytotic pathway.32 Although the timing of the exposure is
controlled by the capsid, studies of the isolated γ-peptide
(released after heating mature virions followed by purification
and pelleting of the particles) have shown that its lytic activity
profile is also highest above pH 7.
The biological properties of γ-peptide made it an obvious

candidate for use as an entry vehicle that could directly breach
the plasma membrane. However, all efforts to express it alone,
or as a HIS-tagged polypeptide, resulted in bacterial toxicity and
vanishingly small yields of γ-peptide product. However, expres-
sion was dramatically enhanced when the gene for γ-peptide
was fused to the C-terminus of a N-terminal HIS-tagged MBP
gene, creating a HIS-MBP-γ (∼50 kDa). This construct
spontaneously self-assembled onto ZW-QDs through the HIS
tag and permitted easy purification of the QD-conjugates via
affinity chromatography using amylose gel. QD-HIS-MBP-γ cell
entry was exceptionally efficient, with internalization even at
4 °C and in the presence of NaN3 and sucrose, suggesting an
entry route that primarily is independent of the endocytotic
pathways.
The ability of the cells carrying rather large loads of these

assemblies to proliferate at levels comparable to those of con-
trol cultures several hours post uptake, while dividing the
amount of QD-conjugates among daughter cells, reflects the
absence of any toxic effects of the QD-conjugates. This is a
clear benefit of the stability of the inorganic core of the QDs
afforded by the strong and inert capping ligands used. It also

reflects the inert nature of the MBP-γ fusion to the intracellular
machinery. The progression of the intracellular distribution of
the QD signal several hours following uptake, namely, the
partial colocalization with the Cy5-transferrin signal, may be
attributed to a process of autophagocytosis (or autophagy),
which is known to involve the capacity of live cells to treat and
degrade materials that are either unnecessary, or do not possess
defined biological functions/activities. In such processes, live
cells degrade damaged or obsolete organelles and proteins in
the cytoplasm, starting by the formation of membrane “sacs”
called phagophores that engulf a portion of the cytoplasm
leading to the formation of the phagosomes. These will fuse
to lysosomes forming autophago-lysosomes responsible for
removing undesirable proteins and defective organelles.
The process of autophagocytosis has been observed in HeLa
cells and has been described in studies of other types of
nanoparticles.59−61

We would like to note that following uptake, the QD signal
distribution is not fully homogeneous. The in vitro stability
tests of our QDs in the cellular media eliminate the argument of
their aggregation inside cells. The punctate signal may be
attributed to a few possibilities: (1) The combined charge of
a fraction of QD−peptide conjugates resulting from the
positively charged peptide and the effectively negatively charged
zwitterion coating may lead to electrostatic interactions with
the intracellular organelles; (2) The lytic property of the pep-
tide might also direct the conjugates to intracellular organelle
membranes observed as punctate. Further, we do observe that
with longer incubation periods the nanoparticle shows vesicular
entrapment that is expected for unnecessary foreign materials
inside cellular environment. Future experiments focused on
investigating the intracellular targeting of the peptide and
QD-conjugates will provide additional insights into the fate of
the assemblies inside cells.

■ CONCLUSION
We have detailed the use of a 7.7 kDa lytic peptide derived
from the Nudaurelia capensis Omega virus to promote the
intracellular uptake of luminescent QDs via a mechanism that
circumvents endocytotic pathways. The γ-peptide was fused
onto a polyhistidine-terminated maltose binding protein to
allow efficient expression in E. coli bacteria. The HIS-MBP-γ
was then self-assembled onto ZnS-overcoated QDs via a simple
procedure that provides control over the protein orientation
in the conjugate. The intracellular uptake of the QD-MBP-γ
assemblies was shown to be efficient and dependent on the QD
concentration, incubation time, and temperature. Furthermore,
the intracellular distribution of these peptide-modified QDs was
found to be distinguishable from that of recycling endosomes.
The biodistribution of the QD-MBP-γ indicated that during
cell division the bioconjugates were passed from mother to
daughter cells and migrated to the perinuclear region, with no
obvious physiological changes of the cells. Cells containing
these assemblies proliferated at rates comparable to those of
control cultures several hours post uptake. This combined with
the near 100% viability of the cells (tested with the MTT assay)
indicate that these assemblies do not elicit any measurable
cytotoxic effects to live cells.
This is a promising finding as this HIS-MBP-γ can be applied

to promote the uptake of a variety of other nanoparticles.
For example, we showed recently that protein self-assembly
onto Au nanoparticles promoted by metal-HIS coordination is
highly efficient.62 The intracellular entry described here can also
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advance the integration of these inorganic platforms into
biotechnology and allow better exploitation of their unique
properties. Additional studies of the peptide may identify
shorter sequences of γ that retain the described entry functions,
making it feasible to produce it by chemical synthesis.

■ EXPERIMENTAL SECTION
Peptide Cloning Expression and Purification. The

gamma peptide DNA sequence (residues 571−644) was
amplified and cloned into the plasmid pMAL-C2X (New
England Biolabs) using the restriction enzymes Xmn1 and
BamHI. The recombinant plasmid was digested with NdeI and
BamHI enzymes, releasing a fragment starting at the first ATG
of the maltose binding protein (MBP) gene and containing the
gamma peptide gene fused onto the 3′ end of the MBP gene
creating a MBP-γ at the protein level. The fragment was cloned
into the plasmid pET28a (Novagen), which contains the gene
for a N-terminal hexahistine tag. The sequence integrity and
correct insertion were confirmed by sequencing.
E. coli Bl21-DE3-Rosetta bacteria (Novagen) were used for

protein expression. Briefly, freshly transformed bacteria cells
were inoculated into Luria−Bertani broth supplemented with
0.2% glucose and grown at 37 °C. The temperature was
adjusted to 28 °C, and expression was induced by adding 1 mM
IPTG and further carried out for 4 h. Cells were collected by
centrifugation, suspended in lysis buffer [50 mM Tris pH 7.6,
150 mM NaCl, EDTA-free protease inhibitors (Roche), 0.5×
Bug Buster reagent (Novagen)] and sonicated on ice to avoid
sample heating. Cell debris were pelleted by centrifugation
(12 000 g at 4 °C) and the supernatant subjected to the first
purification step using immobilized metal (Ni2+) ion affinity
chromatography (His-trap-GE-Healthcare Life Sciences). After
elution using an imidazole gradient, the fraction enriched with
the recombinant protein was further purified using amylose
resin (New England Biolabs). The recombinant protein was
then eluted with 10 mM maltose. The maltose was removed
and the protein was concentrated in PBS using 10 kDa centrifugal
filter (Amicon-Millipore), and the protein purity and quality was
confirmed by mass spectroscopy (MALDI-TOF analysis).
Quantum Dot Growth and Phase Transfer. We used

CdSe-ZnS core−shell QDs with emission centered at 545 nm,
corresponding to a core−shell diameter of ∼6 nm.13,63 They
were synthesized in two steps (growth of the core followed by
ZnS-overcoating) using high temperature reduction of organo-
metallic precursors in coordinating solvent mixtures made of
alkylphosphines, alkyphosphine-carboxyl, and alkylamines, as
described in previous reports.38,64,65 The native hydrophobic
TOP/TOPO capping ligands were further exchanged with
zwitterion-appended lipoic acid (LA-zwitterion) ligand using a
photoligation strategy to render the nanocrystals hydrophilic
and biocompatible.66 This approach relies on the photo-
chemical reduction of the dithiolane groups, combined with
competitive displacement of the native ligands and coordina-
tion of the zwitterion ligand onto the nanocrystals. Importantly,
capping the QDs with zwitterion ligand, instead of PEGylated
ones, permitted the easy implementation of the QD self-
assembly with polyhistidine-appended proteins (MBP-His and
mCherry-His), driven by metal-histidine coordination as
detailed in previous studies.37

Assembly of Quantum Dot−MBP-γ-Peptide Conju-
gates. The QD-MBP-γ conjugates were formed using a molar
ratio of MBP-γ:QD of ∼10:1. We briefly describe the pro-
cedure for preparing a solution of QD-MBP-γ conjugate at a

concentration of 100 nM. 6.6 μL of (His)6-MBP-γ stock
solution (conc. ≅ 75 μM) was added to 17.4 μL PBS buffer
(pH 7.9, 10 mM) in an Eppendorf tube. In a separate
Eppendorf tube, 6 μL of a stock solution of ZW-QDs (conc. =
8.3 μM) was diluted with PBS buffer (pH 7.9, 10 mM) to a
total volume of 26 μL. The solution of (His)6-MBP-γ was then
added to the tube containing the dispersion of QDs. After
gentle mixing, the sample was incubated at ∼4 °C for 1 h to
allow self-assembly, and then diluted in DMEM culture media
to a total volume of 500 μL. This refers to the final volume and
concentration applied to the cell cultures. The conjugate forma-
tion was first confirmed in vitro using affinity chromatography,
i.e., binding to amylose and release by added maltose. Here, a
plastic column was first loaded with 1 mL of amylose gel. After
settling the gel was rinsed with a 10 mL of PBS buffer (pH 7)
to remove the residual ethanol contained in the commercial gel
stock solution. When loaded the conjugates were immobilized
on top of the amylose column and stayed bound even after
several washes with buffer. The MBP promoted binding of the
conjugates to the column due to its specific affinity to amylose,
while the QDs allowed fluorescent visualization (colored green
band) of the reagents in the column (see Figure 1B). Addition
of 2−3 mL of 20 mM maltose solution readily displaced the
reagents until complete elution. These two processes combined
indicate that QD-MBP-γ conjugates are formed and that the
MBP maintained its biological activity.

Cellular Uptake of Quantum Dot−MBP-Lytic Peptide
Assemblies. 8 × 104 cells were seeded onto 12 mm circle
microcover glasses placed into 24-well microtiter plates
(CellStar, VWR), and the plates were placed in an incubator
overnight to allow attachment and recovery. After 24 h, the
QDs, QD-MBP, or QD-γ-MBP bioconjugates, diluted into
culture medium (DMEM without Phenol Red, Invitrogen) to
the desired concentrations, were added to the cell culture.
Cultures were then incubated for different times (at 37 or
4 °C). Cy5-transferrin marker (at 40 μg/mL) was also added to
the culture to specifically identify the late endosomal/lysosomal
compartments. Excess unbound QD materials and Cy5 were
removed by washing three times with phosphate-buffered saline
(PBS, pH 7.4). The cells were then fixed in 3.7% para-
formaldehyde for 12 min at room temperature, washed, and
mounted in ProLong Antifade mounting media containing
DAPI dye (Invitrogen) for nuclear staining, then imaged using
epifluorescence and/or confocal microscopy.
Epifluorescence images of the fixed cells were collected using

a Nikon Ti-E inverted microscope equipped with an Intensi-
light C-HGFI illuminator and a Photometrics Cool Snap HQ2
camera (Photometrics). Images were collected using a 40×
objective (Nikon) and a set of filter cubes purchased from
Chroma Technology (Rockingham, VT). Excitation of all
samples was provided by a Xe lamp. DAPI fluorescence was
detected using a DAPI cube (D350/50× for excitation, dichroic
400DCLP, and D460/50m for detection). The QD fluo-
rescence signal (peak at 540 nm) was detected using a GFP/
EGFP cube (HQ470/40× for excitation, dichroic Q495lp,
and HQ525/50m for detection), while the Cy5 emission was
detected using Cy5 cube (HQ560/55× for excitation, dichroic
Q595lp, and HQ645/75 for detection). The images were ana-
lyzed and processed using NIS-Elements Advanced Research
(Nikon) and Photoshop Adobe (software). Differential inter-
ference contrast (DIC) images were collected using a bright
light source.
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The laser-scanning confocal microscopy images shown in
Figure 4 were collected using an Olympus FV1000 microscope
equipped with an Olympus PlanApo 60× oil immersion
objective (NA = 1.4), available at the National High Magnetic
Laboratory (NHMFL), Tallahassee. Blue DAPI-type fluores-
cence was excited using a 405 nm diode laser and detected
through a variable bandpass filter (VBF) with a detection slit
setting of 430−490 nm. Green fluorescence from the quantum
dots was excited using a 405 nm diode laser and detected with
a slit setting of 550−610 nm. Far-red fluorescence from
Cy5-transferrin was excited using a 633 nm helium−neon laser
and detected using a 650 nm long-pass emission filter. Blue and
green fluorescence were collected simultaneously (both excited
by 405 nm laser) and sequentially with respect to the far-red
fluorescence channel at a speed of 12.5 μs/pixel; the fluo-
rescence was detected using a pinhole size of 110 μm. Image
acquisition was performed using proprietary Olympus Fluo-
View software.
Laser-scanning confocal microscopy images in Figure 6A

were collected using a Leica TCS SP2 DM6000 microscope
equipped with a Leica 63× oil immersion objective (NA = 1.4),
available at the FSU School of Medicine. Blue DAPI and green
fluorescence of the QDs were excited using a 405 nm diode
laser and the emissions were detected using filter sets in the
ranges 436−477 nm and 506−556 nm, respectively. The red
fluorescence from Cy5-transferrin was excited using a 633 nm
He−Ne laser, and the emission was detected in the range of
663−705 nm. The fluorescence emission was collected using an
Acoustic Optical Tunable Filter (AOTF).
Flow Cytometry. Cells were treated with a 500 μL total

volume of 50 nM of QD conjugates and nonconjugated QDs
(control) for different incubation times. After trypsinization,
cells were centrifuged at 1200 rpm for 5 min and resuspended
in cell culture medium with 1 μg/mL propidium iodide 2 min
before cytometric analysis. Forward scatter (FS), side scatters
(SS), and propidium iodide (PI) fluorescence of individual cells
incubated for various times with nanoparticles were measured
on a BD FACSAria (SORP) flow cytometer. FS and SS inten-
sities (measured at 488 nm) were digitized on linear and
logarithmic scales (4 decades). Red fluorescence intensities
emitted by dead cells (measured at 610 nm) was digitalized on
a logarithmic scale. Cellular debris was eliminated by using a
large gate in a FS versus SS cytogram. Dead cells and living cells
were identified by their forward scatter and red fluorescence
intensities. Samples were excited with an argon laser tuned to
405 nm line for fluorescence excitation, and emission was
collected with a 525/50 bandpass emission filter.
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