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Abstract: Nanomaterials have been utilized in biomedical applications for many years because of their unique properties
such as quantum confinement, surface plasmon resonance, and superparamagnetism. These applications are expected to
advance diagnosis and therapeutics. Fluorescent nanomaterials, such as quantum dots (QDs), were exalted in biological
imaging and tracking, and trended to replace protein-based probes. Our previous investigation indicated that cell-
penetrating peptides (CPPs) are a promising delivery system that can translocate materials efficiently in a noncovalent
manner. In this study, we demonstrate that arginine-rich CPPs can noncovalently complex with QDs and significantly
raise efficiency of cellular entry. We further examined their mechanisms of cellular penetrations, subcellular localizations,
and cytotoxicity. Importantly, CPP/QD complexes were not toxic at the level of efficient transduction. Collectively,
our study provided an insight that CPPs can facilitate the delivery of nanomaterials into cells. Various compositions of
CPPs are a major factor affecting uptake routes and efficiency for drug delivery applications.
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INTRODUCTION

Nanomaterials are defined as materials with at least one
dimension in the range of 1-100 nm. By definition, they in-
clude artificial materials (such as inorganic element-based
nanoplatforms and liposomes) and natural materials (such as
proteins and DNAS). In recent years, advancements in syn-
thesis and surface modification of inorganic element-based
nanomaterials have provided a wide spectrum of products
for various industries, such as cosmetics, painting, construc-
tions, electronics, and biomedicine. According to their phys-
icochemical properties, inorganic element-based nanomate-
rials used in biomedical applications include metals, semi-
conductors, or bionic matters [1, 2]. They can be used for
diagnosis and therapeutics. The applications of inorganic
element-based nanomaterials in medicine take advantage of
their tunable optical, electronic, magnetic, and biologic
properties [1]. For instance, oligonucleotide-modified or
antibody-modified nanoparticles, and optical nanostructures
can serve as probes in basic research and diagnosis. Optical
and fluorescent nanomaterials have been extensively applied
for imaging purposes [1, 3, 4].

As traditional organic dyes and fluorescent proteins are
limited to short-term imaging applications, inorganic semi-
conductor nanoparticles (also known as quantum dots; QDs)
are ideal for long-term tracking and imaging purpose.
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Advantages of QDs include, but are not limited to, wide
spectral range of excitation, composition-tunable emission,
high levels of brightness, resistance to photobleaching and
chemical degradation, and ultrasensitive detection [5-7].
Using two-photon excitation microscopy, QDs can yield
high quality of deep tissue imaging [8]. One of the draw-
backs is that QDs enter living cells in a very slow pace.
Many techniques, such as microinjection, electroporation,
and liposome-based transduction, have been used to improve
QD transduction efficiency [9, 10]. Further, QDs tend to ag-
gregate and are trapped in endosomes or vesicles after cellu-
lar internalization [7, 11, 12]. Thus, improvement of QD
solubility and uptake efficiency for biomedical applications
must be sought. Peptide conjugation has evolved as an
efficient tool to solve such problems [13, 14].

Cell-penetrating peptides (CPPs), also called protein trans-
duction domains (PTDs) or arginine-rich intracellular deliv-
ery (AID) peptides, are capable of overcoming imperme-
able plasma membranes to deliver biologically active mole-
cules [15-19]. The specific domain of this protein transduc-
tion function was first identified from the human im-
munodeficiency virus type 1 (HIV-1) transcriptional activa-
tor Tat protein [15, 16]. Development of various CPPs
derived from Tat protein has sprung up in recent decades
[17-19]. These CPPs can be cationic, amphipathic, or hydro-
phobic peptides [20]. Our previous studies indicated that
CPPs had the potential to deliver biomolecules as cargoes
into cells in a covalent, noncovalent, or covalent and nonco-
valent protein transductions (CNPT) manners [21-24]. CPP-
functionalized QDs can be prepared by either covalent
conjugation or noncovalent interactions [25]. Covalent cou-
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pling methods tend to produce larger nanoparticles (10-50
nm) with greater colloidal stability [26], increase the solu-
bility of QDs, and consequently the efficiency of transduc-
tion delivery [27]. In contrast, honcovalent approaches are
simple and produce smaller nanoparticles (< 10 nm); how-
ever, the weak binding between peptides and QDs may result
in poor colloidal stability [28]. CPPs can deliver cargoes
with sizes up to 200 nm in diameter [29]. Cargoes include
proteins, DNAs, RNAs, peptide nucleic acids (PNAs), small
molecular drugs, inorganic particles, and liposomes [13, 29-
46]. The target objects, which CPPs and their cargoes
were able to penetrate, were in a wide range of differ-
ent species from prokaryocytes to eukaryocytes [21-24,
32-46]. Rapid cellular entry of CPPs was measured at a
half-time of 1.8 min, corresponding to a first-order rate
constant of 0.007 sec”, and their concentrations for bio-
application could be up to 100 uM without causing injury
to cells [47, 48]. Based upon their high transduction effi-
ciency, fast transduction rate, and low cytotoxicity, CPPs
have been tested in clinical trials [19].

To date, there are two major routes of CPP penetration:
direct membrane translocation and endocytosis-mediated
pathway [49]. Energy-dependent endocytosis includes clas-
sical clathrin-, caveolae-dependent endocytosis, and nonclas-
sical macropinocytosis. Pharmacological and other biologi-
cally active molecules delivered via this process may be
trapped and degraded in lysosomes [50, 51]. As QDs have
potential for biological research, it is essential to under-
stand the QD-mediated internalization process that de-
pends on their conjugated peptides or molecules [52]. The
endocytic process usually involves vesicular trapping in
cells, and escape from endosomal/lysosomal vesicles be-
comes important for CPP-delivered cargoes in biomedical
applications [53]. Thus, CPP-mediated endosomal disruption
by agents, such as chloroquine, was used to promote en-
dosomal escape [53-55].

In this report, we studied cellular internalization of
QDs mediated by four CPPs with different amino acid
compositions. Noncovalent interactions between QDs and
CPPs resulted in net positive charges which favor cellular
entry of CPP/QD complexes. We further investigated
mechanisms of cellular internalization, subcellular localiza-
tion, and cytotoxicity of these four CPP/QD complexes.

METHODS AND MATERIALS
Preparation of QDs and Peptides

Carboxyl-functionalized CdSe/znS QDs with the
maximal emission peak at 525 nm wavelength (eFluor
525NC) were purchased from eBioscience (San Diego,
CA, USA) [25, 38, 39]. Four arginine-rich CPPs, SR9 (R9),
HR9 (CH5-R9-H5C), PR9 (FFLIPKG-R9), and IR9
(GLFEAIEGFIENGWEGMIDGWYG-R9), vary in se-
guence compositions but with a R9 consensus segment (Ge-
nomics, Taipei, Taiwan) [40, 42-46].

Gel Retardation Assay

To determine noncovalent interactions between CPPs
and QDs, various amounts (from 0 to 600 uM) of PR9 and
IR9 were mixed with 2 uM of QDs in phosphate buffered
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saline (PBS) and then incubated at 37°C for 2 h. Various
molecular ratios of CPP/QD complexes from 0 to 300 were
analyzed by electrophoresis on a 0.5% agarose gel (Multi
ABgarsoe, ABgene, UK) in 0.5 x TAE buffer (40 mM of
Tris-acetate and 1 mM of EDTA, pH 8.0) at 100 V for 40
min [38]. Images were captured using a Typhoon FLA 9000
biomolecular imager (GE Healthcare, Piscataway, NJ, USA)
with the excitation wavelength at 473 nm of a LD laser and
with the emission wavelength above 473 nm by a LPB filter.
All data were analyzed using ImageQuant TL 7.0 software
(GE Healthcare).

Particle Size and Zeta-Potential Measurement

CPPs (12.4 uM of SR9, HR9, PR9, or IR9) and 100 nM
of QDs were separately dissolved in double deionized water.
Then, QDs were mixed with SR9, HR9, or PR9 at a molecu-
lar ratio of 60, or with IR9 at molecular ratios of 60, 120,
and 240. Each solution was equilibrated at 25°C for 120 sec.
The sizes and zeta-potentials of QDs alone and CPP/QD
complexes were analyzed using a Zetasizer Nano ZS
equipped with Zetasizer software 6.30 (Malvern Instruments
Ltd., Malvern, Worcestershire, UK).

Cell Culture

Human bronchoalveolar carcinoma A549 cells (Ameri-
can Type Culture Collection, Manassas, VA, USA; CCL-
185) were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Invitrogen, Carlshad, CA,
USA) supplemented with 10% (v/v) bovine serum (Gibco)
in a humidified incubator with 5% COg at 37°C [22].

Chemicals

5-(N-ethyl-N-isopropyl)-amiloride (EIPA), cytochalasin
D (CytD), filipin, nocodazole, valinomycin, N-
ethylmaleimide (NEM), sodium chlorate (NaClO3), methyl-
B-cyclodetritrin (MBCD), nystatin, and chloroquine were
purchased from Sigma-Aldrich (St. Louis, MO, USA),
while nigericin and sodium azide were from Fluka Chemie
(Seelze, Germany). Hoechst 33342, LysoTracker DND-99,
and Texas Red-X Phalloidin were purchased from Invitro-
gen, while rabbit anti-human early endosome antigen 1 pro-
tein (EEA1) antibody and goat Alexa Fluor 647-conjugated
anti-rabbit antibody fragment were from Cell Signaling
(Danvers, MA, USA).

Delivery of CPP/QD Complexes into Cells

To test the protein transduction of CPP/QD complexes,
three CPPs (SR9, HR9, and PR9) were mixed with QDs at a
molecular ratio of 60 for 2 h. IR9 was mixed with QDs at
molecular ratios of 60 and 120. After complex formation, all
mixtures were incubated with A549 cells for 1 and 24 h at
37°C. In Kinetics of transduction, 100 nM of QDs alone or
100 nM of QDs were incubated with 6 uM of SR9, HR9,
PR, or IR9, followed by incubation with A549 cells for a
period of 30 min, 1, 2, 3,4, 5, and 24 h at 37°C.

To inhibit endocytosis, physical and pharmacological
endocytic modulators were used [38-40]. For physical in-
hibition, all reagents were prepared at 4°C, and cells were
placed at 4°C for 30 min to deplete energy required by all
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endocytic pathways. CPP/QD complexes were added to
cells and then incubated at 4°C for 30 min. For pharma-
cological inhibition, cells were pretreated with 100 uM of
EIPA to disrupt macropinocytosis, 10 uM of CytD to block
F-actin rearrangements, 5 ug/mL of filipin to inhibit caveo-
lae-dependent endocytosis, or 10 uM of nocodazole to im-
pair microtubule polymerization for 30 min. Then, cells
were treated with CPP/QD complexes for 30 min.

For further investigation of cellular uptake of SR9/QD
complexes, more endocytic modulators were examined by
treating cells with effective concentrations for 1 h at
37°C prior to treating with SR9/QD complexes as described
above. Cells were treated with 2 uM of nigericin or valino-
mycin to dissipate membrane potential, 10 mM of sodium
azide to inhibit energy-dependent molecular movement, 1
mM of NEM to disrupt clatharin- and caveolae-dependent
pathways, or 80 mM of NaClO3 to inhibit energy-
dependent pathway [38]. For lipid and cholesterol seques-
tration, cells were treated with 2 mM of MBCD or 5 pg/mL of
nystatin.

To study lysosomal escape and cellular uptake en-
hancement, a lysosomotropic agent chloroquine was util-
ized [40]. Cells were treated with either 100 nM of QDs
alone or 6 uM of CPPs (SR9, HR9, or PR9) mixed with QDs
in the absence or presence of 25 or 100 uM of chloroquine at
37°C for 2 h. Cellular uptake was then measured by flow
cytometry.

Subcellular Colocalization

For subcellular colocalization studies, Hoechst 33342,
LysoTracker DND-99, Texas Red-X Phalloidin, rabbit anti-
human EEAL antibody and goat Alexa Fluor 647-conjugated
anti-rabbit antibody fragment were used to visualize nu-
cleus, lysosome, F-actin, and early endosome, respectively
[38, 40]. EEAL rabbit antibody and goat Alexa Fluor 647-
conjugated anti-rabbit antibody fragment were the first and
second antibodies to visualize the location of early en-
dosomes. Cells were treated with CPP/QD complexes for
time courses of 30 min, 1, 2, 3, 4, and 5 h at 37°C, followed
by 3.7% formaldehyde fixation. Cells were stained with spe-
cific fluorescent probes according to the manufacturers' in-
structions.

Fluorescent and Confocal Microscopy

Fluorescent and bright-field images were observed and
recorded using an Olympus IX70 inverted fluorescent mi-
croscope (Olympus, Center Valley, PA) [38] or a BD
Pathway 435 System (BD Biosciences, Franklin Lakes, NJ,
USA) [40]. Excitation filters were set at 377/50 nm, 482/35
nm and 543/22 nm for blue, green and red fluorescence, re-
spectively. Emission filters were set at 435LP (long-pass),
536/40 nm and 593/40 nm for blue (BFP), green (GFP) and
red fluorescent protein (RFP) channels, respectively. Bright-
field microscopy was used to assess cell morphology.

Flow Cytometric Analysis

Human A549 cells were seeded at a density of 2.5 x 10°
per well in 24-well plates. Control and the experimental
groups were then harvested and analyzed using a Cytomics
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FC500 flow cytometer (Beckman Coulter, Fullerton, CA)
with FL1 filters (excitation at 488 nm and emission at
513 nm) [33]. Data were analyzed using CXP software. Re-
sults are reported as the percentage of total cell population.

Cytotoxicity Measurement

Cells were treated with QDs or CPP/QD complexes for
24 h at 37°C. At the end of the experiment, cell medium
was removed, and cells were then washed several times with
PBS. Cell viability was determined using the sulforhodamine
B (SRB) assay [23].

Statistical Analysis

Data are presented as mean + standard deviations (SDs).
Statistical comparisons between the control and experimental
groups were performed using the Student's t-test. Mean val-
ues and SDs were calculated from data of at least three
independent experiments. The level of statistical signifi-
cance is set at P <0.05 (*, T) or 0.01 (**, 11).

RESULTS
In vitro Interactions between CPPs and QDs

Gel retardation assays were conducted to determine
whether CPPs can form stable complexes with QDs. PR9
and IR9 peptides were mixed and incubated with car-
boxylated QDs in different CPP/QD ratios (0, 15, 30, 60,
90, and 120). Results showed that PR9 and IR9 interacted
with QDs noncovalently, and the shifts of CPP/QD com-
plexes depended on the amount of CPPs added (Fig. 1).
Complexes could be completely retarded with the increasing
amounts of CPPs at molecular ratios of 60 or above during
electrophoresis. These data indicate that the optimal combi-
nation ratio of CPP/QD complexes is 60; accordingly, and
this ratio is used in subsequent experiments.

A Ratio of PR9/QD

0 15 30 60 90 120

B Ratio of IR9/QD
0 15 30 60 90 120

Fig. (1). Gel retardation of CPP/QD complexes (A). Gel retardation
of PR9/QD complexes prepared at different combination ratios of 0
(QDs alone), 15, 30, 60, 90, and 120. (B). Gel retardation of
IR9/QD complexes at different combination ratios (0, 15, 30, 60,
90, and 120). After incubation at 37°C for 2 h, all mixtures were
analyzed by electrophoresis on a 0.5% agarose gel. Fluorescence
of QDs was visualized at 473 nm with Typhoon FLA 9000 bio-
molecular imager.
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Characteristics of CPP/QD Complexes

To analyze the sizes of complexed particles, QDs alone
or CPP/QD complexes prepared at a molecular ratio of 60
were measured using a Zetasizer. The core of QDs was 2.0
+ 0.1 nm in diameter (Fig. 2A). Addition of CPPs increased
its size: SR9/QD, HR9/QD, and PR9/QD complexes exhib-
ited similar sizes of 15.7 + 1.1 nm (Fig. 2B-D), while
IR9/QD complexes showed an average size of 13.5 + 0.9 nm
in diameter (Fig. 2E). To determine surface charge of dif-
ferent CPP/QD complexes, QDs alone, CPPs alone,
CPP/QD complexes prepared at a molecular ratio of 60
(SR9/QD, HR9/QD, and PR9/QD), or IR9/QD complexes
formed at molecular ratios of 60, 120, and 240 were
measured using a Zetasizer. Carboxyl-functionalized QDs
exhibited negative charge, while arginine-rich CPPs (SR9,
HR9, PR9, and IR9) displayed positive charges (Fig. 3A).
HR9/QD and PR9/QD complexes (28.0 + 3.2 and 21.7 + 1.1
mV) yielded more positive charges than those of SR9/QD
and IR9/QD complexes (8.4 £ 0.2 and 3.7 £ 1.2 mV) (Fig.
3A). As molecular ratio of IR9/QD complexes increased to
120 and 240, zeta-potentials increased (14.3 * 0.5 and
16.6 + 1.5 mV) (Fig. 3B). These data demonstrate that
CPP/QD complexes have the potential to cross the negative-
charged cytoplasmic membrane and be translocated into
A549 cells.

Delivery of CPP/QD Complexes into Cells

To confirm the protein transduction ability of CPPs in
QDs delivery, we analyzed the kinetics of cellular inter-
nalization of CPP/QD complexes. At 1 h, the HR9 group
showed 1.6 and 5 times higher than those of SR9 and PR9
uptake, respectively (Fig. 4). At 24 h, the protein transduc-
tion efficiency of SR9, HR9, and PR9 in delivering QDs was
similar (Fig. 4). The significantly lower IR9-mediated QD
delivery might result from comparatively lower zeta-
potential of the complexes (Fig. 3B and 4).

Mechanisms of Cellular Uptake of CPP/QD Complexes

To identify the delivery mechanisms of CPP/QD com-
plexes, we used physical and pharmacological modulators.
None of these modulators reduced the entry of HR9/QD
complexes, indicating the mechanism of direct membrane
translocation (Fig. 5A). Most modulators (except EIPA) re-
duced the population of positive cells in PR9/QD complexes,
indicating an energy-dependent endocytic pathway. The
penetration of SR9/QD complexes was reduced by low tem-
perature and EIPA.

To further investigate the cellular delivery of SR9/QD
complexes, additional endocytic modulators were utilized.
For energy-dependent process, cells treated with different
process modulators, such as nigericin, valinomycin, low
temperature, sodium azide, sodium chlorate, nocodazole, and
NEM, showed 135.2 + 29.5%, 975 + 34.4%, 904 *
19.4%, 75.3 * 30.4%, 74.1 + 51.4%, 155.2 + 45.9%, and
117.4 + 59.9% of population with positive cells, respectively
(Fig. 5B). These modulators did not present significant dif-
ferences comparing to the control. Clathrin- and caveolae-
related modulators, such as nocodazole, NEM, MpCD,
CytD, filipin, and nystatin were used, but no significant
difference was found between the control and the groups
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treated with NEM, filipin, and CytD (117.4 + 59.9%, 93.8
+ 56.1%, and 146.9 + 38.8%, respectively). Moreover, the
microtubule depolymerization agonist nocodazole did not
show significant effect. Lipid-raft related modulators, such
as filipin, nystatin, and MBCD, showed no significant differ-
ences in SR9/QD complex delivery. Nystatin and EIPA
reduced the fluorescent population (42.0 = 16.9%, and
39.6 £ 26.4%, respectively), but MBCD enhanced the cellu-
lar uptake of SR9/QD complexes (157.1 + 26.8%). Collec-
tively, cellular internalization of SR9/QD complexes seemed
to go by a combination of multiple internalization pathways,
while macropinocytosis is a major route.

Chloroquine, a lysosomotropic agent, was used to inves-
tigate lysosomal escape of CPP/QD complexes. Cells were
treated with either QDs alone or CPP/QD complexes in the
absence or presence of chloroquine for 2 h, followed by de-
tection of flow cytometry. No enhancement in uptake of
HR9/QD complexes was found, supporting findings of direct
membrane translocation for HR9/QD complexes (Fig. 6).
Chloroquine facilitated lysosomal escape of PR9/QD com-
plexes (Fig. 6). Significant increase in uptake of SR9/QD
complexes was only observed in the cells treated with 25
uM of chloroquine. Ascending population of fluorescent
cells in chloroquine-treated groups of QDs alone, SR9/QD,
and PR9/QD complexes provided additional evidence that
the transduction of QD, SR9/QD, and PR9/QD complexes
was an endocytosis-based process.

Time-Dependent Intracellular Distributions of CPP/QD
Complexes

To determine subcellular localizations of CPP-delivered
QDs and their trafficking, cells were treated with either QDs
alone or with CPP/QD complexes, and stained with organ-
elle-specific fluorescent markers, such as Hoechst 33342,
Texas Red-X Phalloidin, LysoTracker DND-99, and im-
munofluorescent EEAL antibody to visualize nuclei, F-
actins, lysosomes, and early endosomes, respectively. In F-
actin colocalization, the merged images showed that QDs
alone, SR9/QD, and HR9/OD complexes were associated
with neither nuclei nor F-actins in early periods of time
(Fig. 7A-C). Although some yellow spots were seen in the
merged images of HR9/QD groups at 3-5 h treatments (Fig.
7C), there was no colocalization between HR9/QD com-
plexes and F-actin in confocal images (data not shown).
Some orangey filaments in the cells treated with PR9/QD
complexes were found, and PR9/QD complexes were highly
associated with F-actin from 30 min to 5 h after transduction
delivery (Fig. 7D). These results indicate that internalization
of PR9/QD complexes involves actin-related endocytosis.

Further studies involved subcellular localizations of
CPP/QD complexes and their associations with lysosomes.
No yellow or orange spots were observed in the merged im-
ages of QDs alone or HR9/QD complexes from 30 min to 5
h, indicating neither QD alone nor HR9/QD complexes
were trapped in lysosomes (Fig. 8A and C). However,
punctate cells with yellow/orange color were seen after a 3
h treatment of SR9/QD complexes, meaning those SR9/QD
complexes did not stay in lysosomes in early stage of pro-
tein transduction but trapped by lysosomes in the late stage
(Fig. 8B). In groups of PR9-mediated QDs delivery, yel-
low/orange spots were observed in the merged images from
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30 min to 5 h (Fig. 8D). The increase of colocalization be-
tween PR9/QD complexes and lysosomes was time-
dependent. These data reveal that PR9/QD complexes are
trapped in lysosomes, while HR9/QD complexes are not.
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IR9/QD complexes for 1 and 24 h. The molecular ratio between
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using a flow cytometer. Data are presented as mean + SD from
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HR9/QD, or PR9/QD complexes in the absence or presence of
chloroquine (25 pM or 100 puM) for 2 h. Cells without any QDs or
CPPs treatment were served as the negative control. Each agent-
treated group was compared with the group without any drug
treatment. Population of positive cells (y-axis) in different com-
plexes (x-axis) is represented by mean + SD from three independ-
ent experiments in each treatment group. Significant differences at
P <0.05 (*) and P < 0.01 (**) are indicated.

Our results strongly indicate that the mechanism of HR9-
mediated QDs transduction is direct membrane transloca-
tion, while PR9-mediated QDs transduction is endocytosis.
To further support our findings, immunofluorescent stain-
ing of early endosome was utilized. Few yellow dots
were found at a 30 min treatment of PR9/QD com-
plexes, while large amounts of clearly yellow dots dis-
played at a 4 h treatment of PR9/QD complexes (Fig. 9). The
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number of dots suggested that colocalization of PR9/QD
complexes with endosomes reached the largest at a 4 h incu-
bation, but complexes seemed to disassociate with en-
dosomes at 5 h (Fig. 9).

Cytotoxicity of CPP/QD Complexes

To assess cytotoxicity by the SRB assay, cells were
treated for 24 h with CPP/QD complexes. CPP/QD com-
plexes (CPPs including SR9, HR9, and PR9) prepared at a
molecular ratio of 60 did not reduce cell viability (Fig. 10).

DISCUSSION

In this study, we first demonstrated that CPPs are able to
interact with QD nanoparticles and form stably noncovalent
complexes in vitro. We investigated mechanisms of cellular
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Fig. (7). Colocalization of CPP/QD complexes with F-actins. A549 cells were treated with QDs alone (A), SR9/QD (B), HR9/QD (C), and
PR9/QD complexes (D) for various periods of time. Cells were harvested at 30 min, 1, 2, 3, 4, and 5 h, and stained with Texas Red-X Phal-
loidin and Hoechst. GFP, RFP and BFP channels revealed the distribution of QDs, F-actins and nuclei, respectively. Overlaps between
QDs and organelle trackers exhibit yellow color in merged GFP and RFP images, while overlaps between QDs and nuclei show cyan color
in merged GFP and BFP images. Cell morphologies were shown in bright-field images. Images were taken using a BD pathway system at a

magnification of 600x.
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Fig. (8). Colocalization of CPP/QD complexes with lysosomes. A549 cells were treated with QDs alone (A), SR9/QD (B), HR9/QD (C), and
PR9/QD complexes (D) for various time. Cells were harvested at 30 min, 1, 2, 3, 4, and 5 h, and stained with LysoTracker and Hoechst. GFP,
RFP and BFP channels revealed the distribution of QDs, lysosomes and nuclei, respectively. Overlaps between QDs and organelle trackers
exhibit yellow color in merged GFP and RFP images, while overlaps between QDs and nuclei show cyan color in merged GFP and BFP im-
ages. Cell morphologies were shown in bright-field images. Images were taken using a BD pathway system at a magnification of 600x.

internalization, subcellular localization, and cytotoxicity of
these CPP/QD complexes. Pathways of cellular internaliza-
tion influence delivery efficiency. We found 1) SR9/QD
complexes entered cells via a combination of multiple path-
ways, 2) PR9/QD complexes translocated into cells by en-
ergy-dependent classical endocytosis, and 3) HR9/QD com-
plexes utilized energy-independent direct membrane translo-
cation [40, 44]. According to our current results and previ-
ous studies, compositions of CPPs are a major factor affect-
ing uptake routes and efficiency, while types of cargoes,
manners for complex formation, and surface charges are
minor factors [56]. It has been shown that numbers of posi-
tive charges, conformations, lengths, hydrophobicities, and
concentrations of CPPs influence cellular entry [57]. Proper-
ties of cargoes and types of chemical linkage with CPPs are
also factors for cellular translocation [57, 58]. Other factors,

such as cell types, temperature, and incubation time, also
determine major routes of cell-uptake [57, 58].

Endocytosis and direct membrane translocation are two
major routes of cellular uptake. Takeuchi et al. demonstrated
that molecules penetrating cells with direct membrane trans-
location can pass through membranes within a few minutes
at both 4°C and 37°C [59].

Cytosolic distribution of CPP/cargo complexes, without
endosomal colocalization, was achieved within 1-3 min. As
it requires 5-15 min to form endosomes, Goda et al. con-
cluded that phospholipid polymers utilized direct mem-
brane translocation to enter HepG2 cells in five min [60].
Therefore, setting a time point at 4 min as the determinant
for direct translocation should be reasonable. Our results
indicated direct membrane translocation for HR9/QD com-
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plexes because of their initial high rate of entry, relative
efficiency of translocation and insensitivity to endocytic
modulators and lysosomotropic agents [40].

Endocytosis is classified into phagocytosis and pinocy-
tosis. The former involves uptake of large particles, while
the latter is the way to internalize solute [57]. Pinocytosis
includes macropinocytosis, clathrin-dependent, caveolin-
dependent, and clathrin/caveolin-independent pathways [61].
Pharmacological and physical inhibitors are common tools
used to distinguish these mechanisms. Cellular entry of
PR9/QD complexes was affected by all endocytic inhibitors,
except EIPA, indicating the mechanism of classical endocy-
tosis. The cellular uptake mechanism of SR9/QD complexes
was more complex. Cellular entry of SR9/QD complexes
was inhibited by EIPA and 4°C, suggesting that the mecha-
nism shall be macropinocytosis. However, CytD did not
affect macropinocytosis [62]. Further, penetration of
SR9/QD complexes for longer time was only affected by
nystatin, MBCD, and EIPA. Our data suggested that SR9/QD
complexes might enter cells by multiple internalization
pathways with the following order: macropinocytosis >
caveolae-dependent endocytosis > clathrin-dependent en-
docytosis [63]. How cells use various pathways in a dy-
namic manner remains to be elucidated.

GFP channel RFP channel Bright-field Merge images

A

Fig. (9). Colocalization of PR9/QD complexes with early endosome
antigen 1 (EEA1L) protein. A549 cells were treated with PR9/QD
complexes for various time. Immunofluorescent staining of EEA1
was then used. GFP and RFP channels revealed the distribution of
QDs and EEAL1, respectively.

4h 3h Zh 1h 30 min

5h

Chloroquine enhanced the release of SR9/QD and
PR9/QD complexes from macropinosomes or endosomes.
There are four types of endosomal escape: pore formation,
proton sponge effect, fusion with endosomal membrane, and

Pharmaceutical Nanotechnology, 2013, Vol. 1, No. 2 159

photochemical disruption [64]. Chloroquine and histidine-
rich Tat peptides were protonation molecules that busted
endosomal membranes [65, 66]. The escape mechanism of
PR9/QD complexes should involve both proton spongy ef-
fect and membrane fusion. Further, upon being protonated,
arginine-rich CPP peptides contain poly-amine groups that
act as a detergent in endosomes, leading disruption of en-
dosomal membrane for more efficient delivery [65].

This study provides insights into the mechanisms of
CPP-mediated cargo delivery and cellular trafficking of
delivered cargoes. HR9-mediated QD delivery was the fast-
est, most efficient, resulting from its mechanism of direct
membrane translocation. Although SR9- and PR9-mediated
QD delivery would be trapped in subcellular organelles,
they could be free from endosomes. No cytotoxicity was
observed, thereby SR9, HR9, and PR9 peptides may be a
good tool for delivery of drugs and diagnostic molecules.
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Fig. (10). Cytotoxicity of various compounds and materials. SR9/QD,
HR9/QD, or PR9/QD complexes prepared at a molecular ratio of
60 were added into A549 cells for 24 h, respectively. The SRB
assay was used for cytotoxic analysis.
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ABBREVIATIONS

BFP = Blue fluorescent protein

CytD = Cytochalasin D

CPP = Cell-penetrating peptide

EEA1 = Early endosome antigen 1 protein
EIPA = 5-(N-ethyl-N-isopropyl)-amiloride
GFP = Green fluorescent protein

MBCD = Methyl-B-cyclodetritrin

NaClO3 = Sodium chlorate

NEM = N-ethylmaleimide

PBS = Phosphate buffered saline

QD = Quantum dot

RFP = Red fluorescent protein

SD = Standard deviation

SRB = Sulforhodamine B
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