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Semiconductor  nanoparticles,  also  known  as quantum  dots (QDs),  are  widely  used  in  biomedical  imaging
studies  and  pharmaceutical  research.  Cell-penetrating  peptides  (CPPs)  are  a  group  of small  peptides  that
are able  to traverse  cell  membrane  and  deliver  a variety  of  cargoes  into  living  cells.  CPPs  deliver  QDs into
cells  with  minimal  nonspecific  absorption  and  toxic  effect.  In this  study,  water-soluble,  monodisperse,
carboxyl-functionalized  indium  phosphide  (InP)/zinc  sulfide  (ZnS)  QDs  coated  with  polyethylene  glycol
lipids (designated  QInP)  were  synthesized  for the  first time.  The  physicochemical  properties  (optical
ell-penetrating peptides (CPPs)
unctionalization
anoparticles
olyethylene-glycolylated (PEGylated)
uantum dots (QDs)

absorption,  fluorescence  and  charging  state)  and  cellular  internalization  of  QInP  and  CPP/QInP  complexes
were  characterized.  CPPs  noncovalently  interact  with QInP  in  vitro  to form  stable  CPP/QInP  complexes,
which  can  then  efficiently  deliver  QInP  into  human  A549  cells.  The  introduction  of  500  nM  of  CPP/QInP
complexes  and QInP  at concentrations  of less  than  1  �M  did not  reduce  cell  viability.  These  results  indicate
that  carboxylated  and polyethylene-glycolylated  (PEGylated)  bifunctionalized  QInP  are  biocompatible
nanoparticles  with  potential  for use  in  biomedical  imaging  studies  and  drug  delivery  applications.

© 2013 Elsevier B.V. All rights reserved.
. Introduction
A quantum dot (QD) is composed of a few hundred to several
housand atoms, and the size of a QD typically ranges from 1 to
0 nm [1,2]. Since the first demonstration of the use of QDs as a

Abbreviations: BFP, blue fluorescent protein; CPP, cell-penetrating peptide;
MSO, dimethyl sulfoxide; DOTA, 1,4,7,10-tetraazacyclododecane-N,N′ ,N′′ ,N′ ′′-tetra
cetic acid; Dox, doxorubicin; DSPE-PEG(2000), 1,2-distearoyl-sn-glycero-3-
hosphoethanolamine-N-[carboxy(polyethyleneglycol)-2000]; GFP, green fluo-
escent protein; HR9, histidine-rich nona-arginine; MC,  maurocalcine; PBS,
hosphate buffered saline; PEG, polyethylene glycol; PEGylated, polyethylene-
lycolylated; PEG-2-PE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
methoxy(polyethyleneglycol)-2000]; QD, quantum dot; QInP, indium phos-
hide/zinc sulfide QDs coated with polyethylene glycol lipids; R9, nona-arginine;
FP, red fluorescent protein; Tat, transactivation of transcription; SRB, sul-

orhodamine B; (TMS)2S, hexamethyldisilathiane; TOP, trioctylphosphine; TOPO,
rioctylphosphine oxide; ZnEt2, diethylzinc.
∗ Corresponding author. Tel.: +886 3 8633642; fax: +886 3 8633260.

∗∗ Corresponding author. Tel.: +1 573 341 6589; fax: +1 573 341 4821.
E-mail addresses: huangy@mst.edu (Y.-W. Huang), hjlee@mail.ndhu.edu.tw

H.-J. Lee).

927-7765/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.colsurfb.2013.05.038
fluorescent label in biological systems, many surface modifications
and functionalizations for various applications have been described
[3–5]. Due to their high photoluminescent quantum efficiency,
photostability, tunability, narrow emission spectral band and pro-
longed fluorescence lifetime, QDs have the potential to improve
sensitivity and specificity of fluoroassays relative to more tradi-
tional fluorescent proteins and organic fluorophores [2,6,7]. Many
approaches have been taken to utilize QDs for biomedical imaging,
including cellular labeling, intracellular sensors, deep-tissue and
tumor targeting and imaging agents, and sensitizers for photother-
mal  therapy [8]. In addition, QDs exhibit a high capacity for drug
loading due to their large surface area relative to their submicron
counterparts.

In general, QDs can be synthesized in aqueous solutions, non-
polar solvents or on a solid substrate [9]. A common practice is
to passivate QDs with an inorganic layer of another semiconduct-
ing species with a wider band-gap, forming a core–shell structure,

such as cadmium selenide (CdSe) QD cores coated with a zinc sul-
fide (ZnS) shell. This passivating shell provides several advantages
including: (1) enhancement of QD luminescence by improving
quantum yield and narrowing the emission spectrum and (2)

dx.doi.org/10.1016/j.colsurfb.2013.05.038
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.colsurfb.2013.05.038&domain=pdf
mailto:huangy@mst.edu
mailto:hjlee@mail.ndhu.edu.tw
dx.doi.org/10.1016/j.colsurfb.2013.05.038
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Fig. 1. Synthesis and optical characterization of carboxylated and PEGylated bifunctionalized InP/ZnS QDs (QInP). (A) Synthesis and schematic structure
of  QInP. TOP = trioctylphosphine, TOPO = trioctylphosphine oxide, ZnEt2 = diethylzinc, (TMS)2S = hexamethyldisilathiane, PEG-2-PE = 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000], DSPE-PEG(2000) = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethyleneglycol)-
2 d at 10
s r, and
fl ure le

r
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c
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000]. (B) The absorption and photoluminescence (inset) spectra of QInP synthesize
pectra  of QInP were scanned using a Beckman DU 640B UV-VIS spectrophotomete
uorescence spectrometer. (For interpretation of the references to colour in this fig

eduction of cytotoxicity by preventing the leaching of core materi-

ls [9,10]. The toxicity of lead sulfide (PbS) QDs can be significantly
educed by encapsulating the QD surface with polyethylene gly-
ol (PEG) grafted (PEGylated) phospholipid micelles [11]. While
Ds have been extensively studied for use in fields such as
 (blue lines), 20 (red lines), and 30 min  (black lines) of reaction time. The absorption
 the photoluminescence spectra of QInP were measured using a PerkinElmer LS-5
gend, the reader is referred to the web version of this article.)

nanomedicine, the toxicity issues associated with QDs  are of con-

cern due to the unknown risks associated with biological exposure
to QDs [11]. In addition, the core–shell structure can be functional-
ized using covalent conjugation schemes to link desired probes to
the surface of the QD. The organic capping layer on the QD surface
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Fig. 2. Noncovalent interactions between CPPs and QInP using gel retardation assay.
(A)  SR9/QInP complexes. (B) HR9/QInP complexes. (C) PR9/QInP complexes. CPPs
(SR9, HR9 or PR9) and QInP were incubated at molecular ratios of 0 (QInP alone), 10,
20, 30, 40 and 50. After the incubation with agitation for 2 h, the complexes were
analyzed by electrophoresis on a 0.5% agarose gel. QInP fluorescence was captured

using a Beckman DU 640B UV-VIS spectrophotometer (Beck-
64 B.R. Liu et al. / Colloids and Surface

ay  possess reactive groups that interact with target molecules in
 covalent or noncovalent manner.

Cell-penetrating peptides (CPPs), or protein transduction
omains, comprised of basic amino acid-rich sequences are able
o traverse the cell membrane and deliver molecular cargoes of
aried nature into living cells [12–15]. CPPs were first recognized
n the human immunodeficiency virus type 1 (HIV-1) transactiva-
ion of transcription (Tat) protein that is capable of crossing plasma

embranes of viral-infected and uninfected cells [16,17]. CPPs
nclude amphipathic, hydrophobic and cationic peptides [18,19].
esearch into the ability of CPPs to deliver biologically active
olecules into cells has dramatically increased in recent years.

PPs are one of the most promising tools in the development of
herapeutics, as evident in at least twenty medical trials [14,20].
PP-compatible cargo molecules include proteins, nucleic acids,
eptide nucleic acids, cytotoxic therapeutic drugs, inorganic par-
icles and liposomes [13,14,21]. CPPs can deliver cargoes with sizes
p to 200 nm in diameter [22]. CPPs are nontoxic to most cells and
mall organisms [23–27]. CPPs are also usually nontoxic in vitro and
onimmunogenic in vivo [28].

QDs do not readily enter cells, and aggregation often occurs
efore and after internalization [7,29]. To overcome these limita-
ions, functionalization of the QDs surface has been performed with
PPs by either covalent [30–32] or noncovalent [33–36] linkages.
PP-facilitated delivery of QDs has the potential to reduce non-
pecific absorption and adverse effects in cells and organisms [8].

e previously demonstrated that arginine-rich CPPs, such as nona-
rginine (R9) and histidine-rich nona-arginine (HR9), interact with
arboxylated QDs to form stably noncovalent CPP/QD complexes
n vitro [33–36]. These CPP/QD complexes enter live cells effi-
iently. Furthermore, mechanistic studies revealed that the cellular
ptake mechanisms of R9/QD or HR9/QD complexes involve multi-
le internalization pathways [33] or direct membrane translocation
36], respectively.

In this study, we (1) synthesized water-soluble, biocompatible,
arboxyl- and PEG-bifunctionalized indium phosphide (InP)/ZnS
Ds (QInP), (2) characterized the physicochemical properties of
InP and (3) evaluated CPP-mediated uptake of QInP into cells. The
bsorption and photoluminescence spectra of QInP were charac-
erized using a spectrophotometer. The morphology and charging
tate of QInP and CPP/QInP complexes were characterized using
n agarose-based gel retardation assay and zeta-potential analyzer.
our CPPs were used: SR9, HR9, PR9 and IR9. The intracellular deliv-
ry of CPP/QInP complexes was examined using flow cytometry,
eta-potential analysis and live cell imaging. Finally, the cyto-
oxicity of QInP and CPP/QInP complexes was assessed using the
ulforhodamine B (SRB) assay.

. Materials and methods

.1. Synthesis of InP/ZnS QDs functionalized with
SPE-PEG(2000) carboxylic acid

The preparation of QInP was based on modifications of pub-
ished methods [37–40]. Indium(III) acetate and hexadecanoic
cid were mixed in octadecane. Subsequently, the tempera-
ure was raised to 280 ◦C and tris(trimethylsilyl)phosphine was
njected. Following the reaction, the flask was  quickly cooled
y applying compressed air, yielding InP QDs. The size and
hape, which affect the optical properties of InP QDs, were
ontrolled by modifying the reaction time. Typical reaction

imes were 10, 20 and 30 min  A ZnS shell was added to the
urface of InP QDs in the presence of trioctylphosphine (TOP),
rioctylphosphine oxide (TOPO), diethylzinc (ZnEt2) and hex-
methyldisilathiane ((TMS)2S) at 145 ◦C, yielding InP/ZnS QDs.
using a Typhoon FLA 9000 biomolecular and Typhoon Trio imagers (GE Healthcare).

To functionalize InP/ZnS QDs with 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[carboxy(polyethyleneglycol)-2000]
[DSPE-PEG(2000)] carboxylic acid, InP/ZnS QDs were dissolved in
chloroform along with 80% (v/v) of 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]
(PEG-2-PE) and 20% of DSPE-PEG(2000) carboxylic acid. The
solvent was evaporated by bubbling nitrogen gas through
the solution, producing a dried layer of InP/ZnS QDs  and PEG
lipids. The dried film was  then heated to 80 ◦C in a water bath
for several minutes, and then cooled, yielding water-soluble
carboxyl-functionalized InP/ZnS QDs coated PEG lipids (denoted
as QInP).

2.2. Optical characterization

Dilute solutions of QInP in deionized water were placed in
0.5 cm quartz cuvettes, and their absorption spectra were obtained
man  Coulter, Fullerton, CA, USA), as previously described [41].
Photoluminescence spectra were obtained using a PerkinElmer
LS-5 fluorescence spectrometer (PerkinElmer, Waltham, MA,
USA).
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Fig. 3. Intracellular delivery of CPP/QInP complexes. (A) Fluorescent intensity of cells treated with different concentrations of CPP/QInP complexes. Cells were treated with
0  (QInP alone), 50, 100 and 500 nM CPP/QInP complexes prepared at a molecular ratio of 30 for 1 h. Each CPP/QInP complex group was compared to that of the 0 nM group.
Data  are presented as mean ± standard deviation from five independent experiments conducted in triplicates per treatment group. Significant differences of P < 0.05 (*) for
individual comparison within the same group and P < 0.01 (††) for group comparison are indicated. (B) Microscopy of CPP-mediated QInP delivery into cells. Fifteen �M CPPs
(SR9,  HR9 and PR9) were mixed with 500 nM QInP to form complexes. Cells were treated with QInP alone or CPP/QInP complexes for 1 h and observed using a fluorescent
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50, 100 and 500 nM of CPPs (SR9, HR9 and PR9) were mixed with
icroscope.

.3. Peptide preparation

Four arginine-rich CPPs, SR9 (RRRRRRRRR), HR9 (CHHH-
HRRRRRRRRRHHHHHC), PR9 (FFLIPKGRRRRRRRRR) and IR9

GLFEAIEGFIENGWEGMIDGWYGRRRRRRRRR), were synthesized
y Genomics (Taipei, Taiwan), as previously described [23–25,36].

.4. Gel retardation assay

To prepare CPP/QInP complexes, various amounts of CPP pep-
ides were incubated with QInP at molecular ratios of 0 (QInP
lone), 10, 20, 30, 40 and 50 in phosphate buffered saline (PBS) at
7 ◦C for 2 h. CPP/QInP complexes were analyzed by electrophore-
is on a 0.5% agarose gel (Multi ABgarose, Thermo Fisher Scientific,

altham, MA,  USA) in 0.5× TAE (40 mM of Tris-acetate and 1 mM of
DTA, pH 8.0) buffer at 100 V for 40 min  Images were captured using

 Typhoon FLA 9000 biomolecular imager (GE Healthcare, Piscat-

way, NJ, USA) with the excitation wavelength at 473 nm (LD laser)
nd the emission above 473 nm (LPB filter) [43] for SR9/QInP com-
lexes and a Typhoon Trio imager with the excitation wavelength at
32 nm (SYAG laser) and the emission above 532 nm for HR9/QInP
and PR9/QInP complexes. Data were analyzed using ImageQuant
TL 7.0 software (GE Healthcare).

2.5. Cell culture

Human lung carcinoma A549 cells (American Type Culture Col-
lection, Manassas, VA, USA; CCL-185) were maintained in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, Invitrogen,
Carlsbad, CA, USA) supplemented with 10% (v/v) bovine serum
(Gibco) [33].

2.6. CPP-mediated QInP delivery into human cells

A549 cells were seeded at a density of 1 × 104 per well of 96-well
plates. For the transduction of noncovalent CPP/QInP complexes, 0,
QInP at a molecular ratio of 30 at 37 ◦C for 2 h. Without washing,
CPP/QInP complexes were then incubated with cells at 37 ◦C for
1 h. Samples were analyzed using a flow cytometer, a Zetasizer or
a confocal microscope.
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Fig. 4. Intracellular delivery and physicochemical properties of CPP/QInP com-
plexes. (A) Flow cytometric analysis of CPP-mediated QInP delivery into A549 cells.
Cells were treated with QInP alone, SR9/QInP, HR9/QInP, PR9/QInP or IR9/QInP com-
plexes prepared at a molecular ratio of 30 or 60 for IR9/QInP complexes for 24 h, as
indicated. Cells without any treatment served as the control. The fluorescent inten-
sity  and population of positive cells was analyzed using a flow cytometer. Data are
presented as mean ± standard deviation from three independent experiments con-
ducted in triplicates per treatment group. (B) Surfaced-electrical charges of different
CPP/QInP complexes. SR9, HR9, and PR9 were incubated with QInP at a molecular
ratio of 30, while IR9 was  incubated with QInP at molecular ratios of 30 and 60.
Zeta  potentials of QInP and CPP/QInP complexes were determined using a Zetasizer.
Data are presented as mean ± standard deviation from three independent exper-
iments conducted in triplicates per treatment group. Significant differences were
66 B.R. Liu et al. / Colloids and Surface

.7. Flow cytometric analysis

Cells were seeded at a density of 2.5 × 105 per well of 24-well
lates. Cells in the control and experimental groups treated with
InP or CPP/QInP complexes were harvested and analyzed using a
ytomics FC500 flow cytometer (Beckman Coulter) with a FL1 filter

or green fluorescent protein (GFP) detection [36].

.8. Confocal and fluorescent microscopy

Fluorescent and bright-field images were recorded using a BD
athway 435 bioimaging system (BD Biosciences, Franklin Lakes,
J, USA) [36]. This system without pinhole includes both fluo-

escent and confocal microscopic sets. Excitation filters were at
77/50, 482/35 and 543/22 nm for blue, green and red fluorescence,
espectively. Emission filters were at 435LP (long-pass), 536/40 and
93/40 nm for blue (BFP), GFP and red fluorescent protein (RFP)
hannels, respectively. Bright-field microscopy was  used to assess
ell morphology. Confocal images were also obtained using a TCS
P5 II confocal microscope system (Leica, Wetzlar, Germany). The
arameters for this confocal microscopy were as follows: excitation
t 405 nm and emission at 435–480 nm for the detection of BFP;
xcitation at 488 nm and emission at 495–540 nm for the detection
f GFP; and excitation at 543 nm and emission at 590–665 nm for
he detection of RFP.

.9. Zeta-potential measurement

QInP (150 nM)  or CPP/QInP complexes prepared at a molecular
atio of 30 were dissolved in double deionized water. To prepare
PP/QInP complexes, 4.5 �M of CPPs (SR9, HR9, PR9 or IR9) were
ixed with 150 nM of QInP at a molecular ratio of 30 (as well as

0 for IR9) in double deionized water, and incubated at 37 ◦C for
 h, as previously described [33]. Each solution was temperature-
quilibrated at 25 ◦C for 120 s in a zeta cell. Zeta-potentials of QInP
r CPP/QInP complexes were analyzed using a Zetasizer Nano ZS
ith Zetasizer software 6.30 (Malvern Instruments, Worcester-

hire, UK) [42].

.10. Subcellular colocalization analysis

To examine subcellular localization of delivered CPP/QInP com-
lexes, cells were treated with PBS, 500 nM of green fluorescent
InP alone or PR9/QInP complexes prepared at a molecular ratio
f 30 at 37 ◦C for 30 min, 1 h or 2 h. Cells were washed with
BS five times to remove free PR9/QInP complexes, followed by
taining with fluorescent organelle-specific trackers, as previously
escribed [36]. Organelle trackers, 16.2 �M of Hoechst 33342
Invitrogen; in blue) at 37 ◦C for 40 min  and 50 nM of LysoTracker
ND-99 (Invitrogen; in red) at 37 ◦C for 30 min  (according to the
anufacturer’s instructions), were used to visualize subcellular

olocalization in nuclei and lysosomes, respectively. Fluorescent
mages were detected using a BD Pathway 435 bioimaging system
BD Biosciences) or a Leica confocal microscope system (Leica).

.11. Cytotoxicity assay

Cells were plated at a density of 1 × 104 per well in 96-well

lates. Cells were treated with PBS as a negative control, treated
ith 100% dimethyl sulfoxide (DMSO) as a positive control, or

reated with 25 nM–5 �M of QInP or 500 nM of CPP/QInP complexes
repared at a molecular ratio of 30 at 37 ◦C for 1 h. The cells were
ashed with PBS and cultured at 37 ◦C for 24 h. Cytotoxicity was
easured by the SRB colorimetric assay [44].
determined at P < 0.05 (*) and P < 0.01 (**).

2.12. Statistical analysis

Results are expressed as mean ± standard deviation. Mean val-
ues and standard deviations were calculated from at least three
independent experiments conducted with triplicates in each treat-
ment group. Comparisons between the control and treated groups
were performed by the Student’s t-test using levels of statistical
significance of P < 0.05 (*, †) and 0.01 (**, ††), as indicated.

3. Results

3.1. Synthesis of carboxylated and PEGylated bifunctionalized
InP/ZnS QDs

Water-soluble and carboxyl-functionalized InP/ZnS QDs  were
synthesized in three steps (Fig. 1A). Indium(III) acetate and
tris(trimethylsilyl)phosphine were initially reacted in the presence

of hexadecanoic acid and octadecane at 280 ◦C for 7 min in a simple
one-step process. The resulting InP cores were protected with a ZnS
shell, and then functionalized by PEG-2-PE and DSPE-PEG(2000)
carboxylic acid. Water-soluble, PEGylated and carboxylated bifunc-
tionalized InP/ZnS QDs were obtained (denoted as QInP).
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Fig. 5. Subcellular colocalization of PR9/QInP complexes. (A) Subcellular colocalization of QInP alone and PR9/QInP complexes. A549 cells were treated with PBS and QInP
alone  as controls or PR9/QInP complexes for 2 h, stained with LysoTracker DND-99 and Hoechst 33342, and then observed using a Leica confocal microscope system at a
magnification of 600×. (B) Subcellular colocalization of PR9/QInP complexes at various time periods. A549 cells were treated with PR9/QInP complexes for 30 min, 1 h or
2  h, stained with LysoTracker DND-99 and Hoechst 33342, and then observed using a BD Pathway bioimaging system at a magnification of 600×. GFP, RFP and BFP channels
displayed the distribution of QInP, lysosomes and nuclei, respectively. Overlaps between QInP and lysosomes were yellow/orange color in merged GFP  and RFP images. (For
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.2. Optical characterization of QInP

The absorption spectra of QInP exhibited its first excitation peak
n the range of 400–500 nm,  depending on the reaction condi-
ions employed (Fig. 1B). The photoluminescence spectra of QInP
repared at 10 min  had a maximal emission peak wavelength at
25 nm.  The maximal emission peak shifted to 550 and 580 nm
hen QInP prepared at 20 and 30 min, respectively. This red-shift

n the photoluminescence correlates with an increase in particle
ize.

.3. Interactions between QInP and CPPs

An agarose-based gel retardation assay was conducted to deter-
ine whether CPP forms stable complexes with QInP in vitro. CPPs
SR9, HR9 or PR9) were incubated with QInP at various ratios.
InP exhibited a reduced mobility when incubated with CPPs,
nd the mobility decreased as the concentration of CPPs increased
Fig. 2A–C). These data indicate that CPPs can interact with QInP to
orm stable, noncovalent complexes.
e web version of this article.)

3.4. CPP-mediated intracellular delivery of QInP

To assess whether CPPs can deliver QInP into cells, human A549
cells were treated with CPP/QInP complexes prepared at a molec-
ular ratio of 30. Green fluorescence was  detected in cells treated
with CPP/QInP complexes using a flow cytometer, when the con-
centration of QInP was above 500 nM (Fig. 3A). Using a fluorescent
microscope, green fluorescence was observed in the cells treated
with CPP/QInP complexes, but not in the cells treated with QInP
alone (Fig. 3B). These results demonstrate that CPPs can deliver
noncovalently complexed QInP into cells.

To interpret the relationship between transduction efficiency
and charging state of CPP/QInP complexes, cells treated with QInP
and CPP/QInP complexes were characterized using a flow cytome-
ter, and QInP and CPP/QInP complexes were determined using a
zeta-potential analyzer. Using a flow cytometer, cell population
fractions with green fluorescence were detected in the cells treated

with CPP/QInP complexes prepared at a molecular ratio of 30 (60 for
IR9/QInP complexes) (Fig. 4A). The zeta-potential of QInP was elec-
tronegative (−32.0 ± 1.7 mV)  (Fig. 4B). Zeta-potentials of CPP/QInP
complexes prepared at a molecular ratio of 30 (60 for IR9/QInP
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Fig. 6. Cytotoxicity of QInP and CPP/QInP complexes using the SRB assay. (A) Influ-
ence of QInP on A549 cell viability. Cells were treated with different amounts of
QInP  ranging from 25 nM to 5 �M.  (B) Influence of CPP/QInP complexes on cell via-
bility. Cells were treated with 500 nM CPPs (SR9, HR9 or PR9) complexed with QInP
at  a molecular ratio of 30. Cells without any treatment served as a negative control,
and cells treated with 100% DMSO were served as a positive control. Each group is
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ompared with the negative control, and significant differences of P < 0.01 (**) are
ndicated. Data are presented as mean ± standard deviation from three independent
xperiments conducted in triplicates per treatment group.

omplexes) were more electropositive. These data indicate that
harging state of CPP/QInP complexes correlate with transduction
fficiency.

To reveal subcellular localization of CPP/QInP complexes, cells
ere treated with PBS, QInP or PR9/QInP complexes and stained
ith organelle-specific fluorescent markers LysoTracker DND-99

nd Hoechst 33342 for the visualization of lysosomes and nuclei,
espectively. The majority of QInP distributed evenly in the cyto-
ol following PR9-mediated delivery (Fig. 5A and B). The merged
mages revealed that QInP colocalized with lysosomes in most cells
fter transduction delivery. This result is consistent with our pre-
ious finding that endocytosis is the main route for intracellular
elivery of PR9/cargo complexes (manuscript submitted).

.5. Cytotoxicity of CPP/QInP complexes
To determine the effect of QInP and CPP/QInP complexes on
ell viability, the SRB assay was performed. QInP had no significant
ffect on cell viability at or below 1 �M (Fig. 6A), while 500 nM of
PPs (SR9, HR9 or PR9) complexed with QInP at a molecular ratio of
iointerfaces 111 (2013) 162– 170

30 were not cytotoxic (Fig. 6B). We  have previously demonstrated
that QDs and CPP/QD complexes are not toxic to A549 cells by the
SRB assay [33,36].

4. Discussion

The novel physicochemical characteristics give semiconductor
QDs specific advantages in certain research and medical applica-
tions [45]. Potentially the most important application of QDs  is
their use as diagnostic and therapeutic tools in nanomedicine [45].
In this study, we synthesized novel water-soluble, PEGylated and
carboxyl-functionalized InP/ZnS QDs. Their physicochemical prop-
erties, including optical features, morphology and charging state,
and cellular internalization of QInP and CPP/QInP complexes were
characterized. We  found that CPPs can deliver noncovalently com-
plexed QInP into live cells. PR9/QInP complexes were localized in
lysosomes. This is consistent with the notion that endocytosis is the
major route for cellular entry. Finally, cell viability assays showed
that CPP/QInP complexes were not cytotoxic when 500 nM of CPP
was complexed with QInP at a molecular ratio of 30, and QInP did
not result in significant cytotoxicity when the concentrations were
at or less than 1 �M.

Functionalized nanoparticles have become key players for
enhancing the contrast of images in molecular imaging and medi-
cal diagnostics [46]. Since the late 1980s, a large number of binary
III-V materials, such as gallium phosphide (GaP) and InP, exhibit-
ing infrared bandgaps as bulk semiconductors, were prepared as
solution-based nanocrystals [47]. Many research teams have been
using cadmium-free QDs, such as InP, to address concerns about
cadmium cytotoxicity [48]. One key advantage offered by InP QDs
lies in the robustness of the covalent bond in III-V semiconductors
versus the ionic bond in the II-VI semiconductors and, thus, reduced
toxicity. InP QDs with promising size-tunable emission in the near-
infrared and visible range have emerged as a replacement for
cadmium-based QDs [49]. However, reports on colloidal synthe-
sis of InP QDs are few, and size homogeneity has been limited [49].
Nag and Sarma reported an efficient and fast solvothermal route to
prepare InP QDs [50]. This method used a reaction temperature as
high as 430 ◦C, accelerating the reaction.

A ZnS shell on the surface of solvothermal synthesized InP QDs
could be surface-modified with hydrophilic ligands in an aque-
ous solution at room temperature [51]. The resulting InP/ZnS QDs
exhibit enhanced luminescent efficiency relative to InP QDs. The
ZnS shells serve two  purposes: (1) improving the quantum yield by
passivating the surface nonradiative recombination sites and (2)
acting as a barrier between the inorganic core and the surround-
ing solvent, thereby preventing the leakage of unwanted ions [52].
Chibli et al. reported survival assays in five cell lines, and showed a
distinct reduction in toxicity with the double-shell InP QDs, com-
pared to a single ZnS shell [49]. These results indicated that InP
QDs could be an effective alternative to cadmium-containing QDs.
Recently, large-scale synthesis of InP/ZnS QDs was conducted in a
hybrid flow reactor that combined a batch-type mixer with a flow-
rate furnace in a simple one-step process [53]. The same group
also reported that uniform, large InP/ZnS QDs could be produced
using a newly synthesized organometallic phosphorus (P) precur-
sor, tris(tert-butyldimethylsilyl)phosphine, and a low temperature
regime (210–300 ◦C) [54]. Large-area freestanding films of InP/ZnS
QDs over 50 cm × 50 cm were recently reported [55].

Surface functionalization of amphipathic InP QDs with folate
rendered endocytosis of folate receptor-mediated delivery of InP

QDs in folate-receptor-positive KB cells [52]. Gao et al. reported
that InAs/InP/ZnSe QDs functionalized with mercaptopropionic
acid (MPA) accumulated in the tumor area of nude mice bear-
ing 22B or LS174T tumors [56]. Furthermore, InAs/InP/ZnSe QDs
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unctionalized with the arginine-glycine-aspartic acid (RGD)
ripeptide could be recognized by the cell adhesion molecule
ntegrin �v�3, a key player in tumor angiogenesis, progression
nd spread [57]. Recently, dendron- and dendron-(RGD)2-
unctionalized InP QDs have been introduced as translatable
anoprobes for clinical imaging applications [58]. Dendron-coated

nP/ZnS QDs lacked significant toxicity at exposure doses of 1 �g
nP/g mouse weight. These InP QDs exhibited important features,
ncluding high stability, biocompatibility, near-infrared emission
nd nontoxicity. Comparisons were also been made between
oxorubicin (Dox)-functionalized gold (Au) nanoparticles and Dox-
unctionalized InP QDs as tools for therapeutic effectiveness [59].
ur InP QDs had no effect on cell viability at or below 1 �M.  In the

uture, QInP can be functionalized with activatable cell-penetrating
eptides (ACPPs) to inhibit target gene expression by RNA interfer-
nce (RNAi) for biological applications.

There have been few investigations on the use of CPPs with InP
Ds. Rosenberg et al. functionalized InP/ZnS QDs with CAAKATat
PPs, forming QD-CAAKATat-DOTA-Dy, where DOTA and Dy are
,4,7,10-tetraazacyclododecane-N,N′,N′′,N′ ′′-tetra acetic acid and
ysprosium3+, respectively [60]. They found that QD-CAAKATat-
OTA-Dy were located in vesicular compartments, and were not
ytotoxic to Chinese hamster ovary (CHO) cells. The incorpora-
ion of Tat peptide provided effective self-transfecting properties.
tasiuk et al. reported functionalization of InP/ZnS QDs with mauro-
alcine (MC) CPPs from scorpion toxin [46]. Fluorescent MC-InP QDs
howed cellular internalization with bright magnetic resonance
maging signal, and increased tissue retention time. Our present
tudy reveals the utility of three additional kinds of arginine-rich
PPs to deliver QInP for biological applications.

. Conclusions

We  synthesized and characterized carboxylated and PEGylated
ifunctionalized InP/ZnS QDs (QInP). CPPs (SR9, HR9, PR9 and IR9)
ere able to deliver noncovalently complexed QInP into human
549 cells. These results indicate that bifunctionalized QInP may  be
n excellent biocompatible tool for biomedical imaging and drug
elivery applications. Notably, the present synthetic protocol of
InP could be easily extended to produce additional functionalized
Ds as multimodal imaging agents in the future.
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