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We utilize cell penetrating peptide functionalized QDs as specific vectors for the intracellular delivery of model
fluorescent protein cargos. Multiple copies of two structurally diverse fluorescent proteins, the 27 kDa monomeric
yellow fluorescent protein and the 240 kDa multichromophore b-phycoerythrin complex, were attached to QDs
using either metal-affinity driven self-assembly or biotin-Streptavidin binding, respectively. Cellular uptake of
these complexes was found to depend on the additional presence of cell-penetrating peptides within the QD-protein
conjugates. Once inside the cells, the QD conjugates were mostly distributed within endolysosomal compartments,
indicating that intracellular delivery of both QD assemblies was primarily driven by endocytotic uptake. Cellular
microinjection of QD-fluorescent protein assemblies was also utilized as an alternate delivery strategy that could
bypass the endocytic pathway. Simultaneous signals from both the QDs and the fluorescent proteins allowed
verification of their colocalization and conjugate integrity upon delivery inside live cells. Due to their intrinsic
fluorescence properties, this class of proteins provides a unique tool to test the ability of QDs functionalized with
cell penetrating peptides to mediate the intracellular delivery of both small and large size protein cargos. Use of
QD-peptide/fluorescent protein vectors may make powerful tools for understanding the mechanisms of nanoparticle-
mediated drug delivery.

INTRODUCTION

Developing nanoparticles as delivery vehicles for drugs,
genes, and contrast/imaging agents to live cells, tissues, and
tumors has stimulated much interest recently (1-5). Among
an array of available nanoparticles, luminescent semiconductor
nanocrystals or quantum dots (QDs) provide a powerful
prototypical example with many demonstrated applications in
biological imaging and sensing (6-9). Their utility is derived
from the combination of unique photophysical characteristics
and sizes comparable to that of a large protein. The hydrody-
namic radius of hydrophilic CdSe-ZnS QDs varies from ∼5
nm, for nanocrystals cap exchanged with molecular ligands, to
∼20 nm for nanocrystals encapsulated within block copolymers
(10). A single QD can be conjugated to several biomolecules
(such as antibodies, peptides, DNA) to provide multifunctional
QD bioconjugates with enhanced avidity. In addition, their
strong resistance to chemical and photodegradation can poten-
tially allow long-term fluorescent monitoring of specific biologi-
cal processes (6-9, 11).

Several methods have been investigated to achieve the
efficient intracellular delivery of various nanoparticles, including
QDs. They include electroporation (12), lipid-based transfection
reagents (13, 14), and microinjection (13), as well as receptor-

mediated endocytosis (11, 15). Use of cell-penetrating peptides
(CPP) conjugated to hydrophilic QDs as an alternate strategy
to facilitate their intracellular uptake has also been reported by
several groups, and results suggest that delivery was primarily
driven by endocytotic uptake (13, 16-23). Although a wide
range of cell penetrating peptides exist, they are most often
functional analogues of the canonical HIV-derived TAT se-
quence and usually consist of 8-10 sequentially repeated
polyarginine residues (24). We have recently explored the use
of CPP-mediated delivery of QD-peptide conjugates to eu-
karyotic HEK-293 and COS-1 cells (25). The peptide sequence
used was modular and consisted of a C-terminal 8 arginine
repeat-block for mediating cellular uptake, a short linker/spacer,
and a N-terminal 8 histidine tract that promoted peptide self-
assembly onto CdSe-ZnS core-shell QDs (25, 26). Efficiency
of the CPP-facilitated delivery was found to depend on both
peptide-to-QD ratio and overall QD conjugate concentration.
CPP-mediated uptake required short incubation times of less
than 1 h compared to 2-4 h or longer incubation time for
passive uptake; it was also both selective and specific even when
cells were incubated with mixtures of CPP and other nonpeptide
functionalized QDs. Nanocrystals delivered via this approach
did not exhibit any discernible toxic effects to the cells, and
intracellular localization was again confirmed to be primarily
endosomal (25). The intracellular delivery and stability of
nanocrystals conjugated to a mixture of His-terminated CPP and
dye-labeled peptides was further verified by multiphoton
fluorescence resonance energy transfer imaging (FRET between
QDs and proximal dyes) of intracellular compartments several
hours post-uptake (27).

In this report, we build upon our previous results and
demonstrate that cell penetrating peptides can further promote
the effective intracellular delivery of QD cargos made of
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nanocrystals self-assembled with additional small or large
fluorescent proteins. The QD serves as a central nanoscaffold
for immobilizing proteins and peptides, while the CPPs promote
conjugate internalization by eukaryotic cells. This class of
proteins was specifically selected as they allow fluorescence
monitoring of intracellular distribution as well as testing of the
stability of QD-protein assemblies. Proteins, including yellow
fluorescent protein (YFP) and the multichromophore b-phyco-
erythrin complex (b-PE), were conjugated to QDs, via a
combination of metal-affinity interactions and biotin-avidin
binding. We found that intracellular delivery of these conjugates
strongly depended on CPP presence, while colocalization studies
indicated that the mixed surface QD-peptide/protein assemblies
were distributed within the endosomal compartments. In com-
parison, direct microinjection of QD-protein cargos into live
cells bypassed the endolysosomal system and resulted in more
homogeneous distribution of conjugates throughout the cytosol.

EXPERIMENTAL PROCEDURES

QD Synthesis. CdSe-ZnS core-shell QDs with emission
maxima centered at 510 and 540 nm were synthesized using
stepwise reactions of organometallic precursors in hot coordinat-
ing solvent mixtures following the procedures described in
refs (28-31); absorption and emission spectra are provided in

Figure 1A. The nanocrystals were made hydrophilic by ex-
changing the native capping shell, composed primarily of trioctyl
phosphine and trioctyl phosphine oxide (TOP/TOPO), with
bifunctional ligands as described in refs (32-34). We used two
sets of hydrophilic QDs: (1) nanocrystals capped with only
dihydrolipoic acid, and (2) nanocrystals capped with a mixture
of poly(ethylene glycol)-appended dihydrolipoic acid (PEG Mw
= 600, DHLA-PEG) and biotin-terminated DHLA-poly(ethylene
glycol) (PEG Mw = 400, DHLA-PEG-biotin) with a 9:1 molar
ratio of the ligands; these are referred to as DHLA-QDs and
DHLA-PEG-biotin-QDs, respectively. Ligand structures are
provided in Figure 1C (32-34).

Proteins and Peptides. The yellow fluorescent protein was
generously provided by W. Frommer (Carnegie Institute,
Stanford, CA) on plasmid pRSET B (Invitrogen, Carlsbad, CA)
within a gene fusion encoding a blue fluorescent protein-glucose
binding protein-yellow fluorescent protein sensor construct
inserted between BamHI and HindIII of the multiple cloning
site (35). The blue fluorescent protein-glucose binding protein
portion was excised by digestion with KpnI and BamHI and an
insert encoding for a hexa-histidine (His)6 sequence followed
by a unique XhoI site (Asp-Gln) was ligated into the KpnI and
BamHI restriction sites. Transformants were screened by XhoI
digestion and confirmed with DNA sequencing. The final YFP

Figure 1. Absorption and emission spectra of QDs and fluorescent proteins used. (A) Normalized absorption spectrum of 510 nm emitting QDs
along with the normalized PL spectra of 510 and 540 nm emitting QDs. (B) Normalized absorption and emission spectra of yellow fluorescent
protein (YFP) and b-phycoerythrin (b-PE). (C) Structure of the DHLA, DHLA-PEG600, and DHLA-PEG400-biotin ligands used to provide aqueous
compatibility of the QDs.
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gene construct sequentially encodes a His6 sequence after the
start methionine, Asp-Gln, an Xpress Epitope (Asp-Leu-Tyr-
Asp-Asp-Asp-Asp-Lys) and another His6 sequence at the
immediate N-terminus of the YFP coding sequence. This
plasmid was introduced into BL21(DE3) E. coli cells (Invitro-
gen) and expression induced with 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG, Sigma, St Louis, MO) for 3 days
at 30 °C in the dark to allow for full maturation of the
chromophore, before harvesting the cells by centrifugation at 4
°C. His-appended YFP was purified from soluble cell lysate
using Ni-NTA Resin (Qiagen, Valencia, CA), as described in
refs (35, 36). The absorption and emission spectra of the purified
YFP are shown in Figure 1B. One-to-one b-phycoerythrin-
Streptavidin conjugate solution at 1 mg/mL (referred to as b-PE)
and AlexaFluor 647 dye-labeled Transferrin (AF647-TF, λabs

max. ) 647 nm, λem max. ) 670 nm) were obtained from
Invitrogen. Cell penetrating peptide (CPP) with the sequence
(His)8-Trp-Leu-Ala-Aib-Ser-Gly-(Arg)8-amide, where Aib is
R-aminoisobutyric acid and the c-terminus is blocked with an
amide, was synthesized and purified as described in ref (25).

Self-Assembly of Quantum Dot Bioconjugates. To self-
assemble QD-YFP conjugates at the desired valence, His-
appended proteins at the appropriate molar ratios were added
to 0.3 µM of 510-nm emitting DHLA-capped QDs in 10 mM
Tris-Cl pH 8 buffer and incubated at room temp for ∼30 min.
Similarly, b-PE-Streptavidin was added to 0.3 µM of 540-nm
emitting QDs (capped with DHLA-PEG:DHLA-PEG-biotin 9:1
ratio) in phosphate buffered saline (137 mM NaCl, 10 mM
phosphate, 2.7 mM KCl, pH 7.4, PBS) and incubated at 4 °C
overnight; conjugate formation in this case is driven by
Streptavidin-biotin interactions. Conjugates were characterized
using gel electrophoresis, where changes in the electrophoretic
mobility of QDs assembled with either His-appended YFP or
Streptavidin-labeled b-PE were monitored (10). Samples were
diluted in 1 × TBE buffer (0.09 M Tris, 0.002 M Na2-EDTA
0.09 M Boric acid pH ∼8.3) and run on 1% or 2% agarose
gels for QD-b-PE and YFP conjugates, respectively. In
particular, the effects of varying the number of proteins per QD
bioconjugate were monitored. Gel images were collected by
exciting the QD and/or protein and capturing fluorescence
images of the separated bands within the gels using a Kodak
440 Digital Image Station (Rochester, NY). Conjugate formation
was also confirmed by monitoring changes in the energy transfer
between the QDs and fluorescent proteins upon self-assembly.
Fluorescent spectra were collected on a Tecan Safire Dual
Monochromator Multifunction Microtiter Plate Reader (Tecan,
Research Triangle Park, NC) using 325 nm excitation. For
intracellular delivery and imaging experiments, QDs were self-
assembled with a mixture of the protein and CPP at a nominal
CPP:QD molar ratio of 50:1.

Intracellular Uptake of Quantum Dot-Fluorescent
Protein Conjugates. HEK 293T/17 and COS-1 cell lines
(ATCC, Manassas, VA) were cultured in complete growth
medium (Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 4 mM L-glutamine, 1 mM sodium pyruvate,
1% (v/v) penicillin/streptomycin/actinomycin D antibiotic/an-
timycotic, and 10% (v/v) heat-inactivated fetal bovine serum
(FBS). Cells were incubated at 37 °C under 5% CO2 atmosphere
and a subculture was performed every 3 days (25). Cellular
internalization experiments were performed in sterile Labora-
tory-Tek chambered coverglass wells (Nunc, Rochester, NY).
The chambers were initially coated with 50 µg/mL fibronectin
(Sigma-Aldrich, St Louis, MO) in sodium bicarbonate buffer
pH 8.5. Approximately 2 × 104 cells were seeded into the wells
and cultured overnight. QD bioconjugates were diluted into
complete culture medium and added to the cell culture and
incubated at 37 °C for 1 h. AF647-TF (at 40 µg/mL) was also

added to the culture to specifically colabel the endosomal
vesicles as described previously (25). Mixed surface QD
conjugates consisting of either 1:5 or 1:10 QD/YFP and QD/
b-PE with assembly valence of 1:1 to 1:2.5, together with CPP
at ∼50 CPPs per QD, were incubated with the cell cultures at
different QD conjugate concentrations. Excess unbound QD
conjugates were removed by washing the culture at least 3 times
with PBS. Cells were then fixed in 3.7% paraformaldehyde for
10 min at room temperature, washed twice with PBS, and
mounted in ProLong Antifade mounting media containing DAPI
dye (Invitrogen) for nuclear staining. Epifluorescence image
collection was carried out using an Olympus IX-71 microscope.
Side-by-side split fluorescence images were collected and
quantitated using a DualView system (Optical Insights, Tucson,
AZ) equipped with a 565 nm dichroic filter. For 510 nm
QD-YFP cellular imaging, samples were excited at 488 nm
and emissions were collected/separated with the 565 nm dichroic
and deconvoluted. QD fluorescence was collected at λ < 565
nm and the YFP fluorescent tail collected at λ > 565 nm. YFP
leakage into the QD window was subtracted as part of the
deconvolution. The 540 nm QDs and b-PE were excited at 488
nm and their respective emissions were separated with the 565
nm dichroic filter and deconvoluted. DAPI fluorescence was
excited using a Xe lamp and emission collected using a DAPI
cube (D350/50× for excitation, dichroic 400DCLP, D460/50m
for detection). AF647-TF was excited using the Xe lamp and
fluorescence detected using a Cy5 cube (excitation HQ620/60×,
dichroic Q660LP, emission HQ700/75m). Both excitation/
detection cubes were provided by Chroma Technology (Rock-
ingham, VT). Differential interference contrast (DIC) images
were collected using a bright light source. For microinjection,
the QD-YFP and QD-b-PE conjugates described above were
diluted in PBS. Conjugates were directly injected into adherent
COS-1 or HEK 293T/17 cells using an InjectMan NI2 micro-
manipulator equipped with a FemtoJet programmable micro-
injector (Eppendorf, Westbury, NY). This instrumental setup
allows the injection of femtoliter aliquots of conjugate solution
into individual cells (37).

RESULTS

Fluorescent Proteins and Self-Assembly of Quantum
Dot Bioconjugates. Yellow fluorescent protein (YFP) is a
slightly longer wavelength emitting variant of the green
fluorescent protein (GFP), and is derived from the jellyfish
Aequorea, as described in the work of Tsien (38). It consists of
11 �-strands which form a hollow �-barrel or cylinder, and the
chromophore, located at the center of a threaded helix, is formed
by a cyclic rearrangement of three central residues (Gly65, Tyr66,
Gly67) during maturation (38). This relatively small protein (Mw
∼27 kDa) is easily expressed in bacteria from a plasmid, has a
short maturation time, and has been used in a variety of FRET-
based intracellular sensing studies (39-41). The second fluo-
rescent protein we used, b-phycoerythrin (b-PE), is a member
of the phycobiliprotein family of light harvesting protein
complexes known as phycobilisomes found in red algae and
cyanobacteria (42, 43). b-PE differs photophysically and
structurally from YFP in many respects; see Table 1. It consists
of R/� monomers associated into a symmetrical (R/�)6 hexam-
eric structure and has ca. 34-38 covalently attached bilins (open
chain tatrapyrrole chromophores) per functional moiety. It has
a large molecular weight, ∼10 times that of YFP, a very large
extinction coefficient, ∼100 times higher than that of YFP, and
has been widely used as a highly sensitive fluorescent
probe (42, 43).

We utilize two self-assembly approaches to form our QD
bioconjugates: metal-affinity interactions and biotin-avidin
binding. When used for nanoparticle conjugation, metal affinity
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driven self-assembly can be versatile and easy to implement.
We and other groups have shown that polyhistidine (Hisn)
sequences facilitate self-assembly of both proteins and peptides
onto ZnS-overcoated CdSe QDs (6, 44-46). More recently, we
elucidated the kinetics of metal-His driven self-assembly
between QDs and both proteins and peptides and showed that
high affinity/low dissociation constants drive the interactions
(KD ∼ 10-9-10-8 M) (26). This study further showed that His
interactions occur directly with the Zn-rich inorganic surface
of the nanocrystals. Engineering YFP with an N-terminus
bearing two-(His)6 sequences separated by a small spacer and
CPP having an N-terminal (His)8 sequence permit the formation

of tight QD-protein/peptide complexes driven by this self-
assembly. Biotin-avidin binding is a ubiquitous bioconjugation
strategy in biology, known for its strong interaction (KD ∼ 10-15

M) (47). Using QDs surface-capped with a mixture of hydroxyl-
and biotin-terminated PEG (DHLA-PEG-biotin-QDs) allowed
easy conjugation to commercially available b-PE-Streptavidin.

The first characterization technique of these QD bioconjugates
relied on agarose gel electrophoresis (no SDS present), where
changes in the mobility shift were measured for QDs alone and
QDs conjugated to increasing number of proteins. For QD-b-
PE conjugates, since the emissions of the QDs and protein are
spectrally distinguishable, gels were imaged with 425 and 590

Table 1. Properties of the Fluorescent Protein Assemblies Testeda

protein structure

molecular
weight
(kDa)

extinction
coefficient

(M-1 cm-1)
quantum

yield (QY)
quantum

dot
method of

QD attachment

YFP 11-stranded ∼27 000 20 200 0.60 510 nm QDs metal-affinity coordination
�-barrel (QY ∼ 12%)

b-PE multi-subunit ∼240 000 2 410 000 0.98 540 nm QDs biotin-streptavidin
multichromophore Streptavidin (QY ∼ 19%)
protein assembly ∼64 000

a b-PE utilized as a 1:1 Streptavidin conjugate (38, 42, 43).

Figure 2. Agarose gel electrophoresis and FRET data. (A) Electrophoretic mobility bands captured from self-assembled QD-Streptavidin-b-PE
conjugates; the corresponding average conjugate valences (ratio of b-PE per QD) are listed on top of each lane. Lane 8 has the equivalent amount
of 2.5 b-PE alone. The gel was imaged with the indicated filters to isolate QD and protein emissions. QD-b-PE conjugates were separated on 1%
agarose gels. (B) Deconvoluted PL spectra of 540 nm DHLA-PEG-biotin-QDs in the absence and presence of ∼1 b-PE/QD along with b-PE
FRET-sensitized emission. QD PL was fit to a Gaussian profile.
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nm long-pass filters to allow visualization of either the
simultaneous QD and b-PE emissions or only the emission of
b-PE (see Figure 2A for representative images). The mobility
of the unconjugated QDs capped with DHLA-PEG600/DHLA-
PEG400-biotin mixture was essentially zero, as these ligands
do not impart a net charge to the QDs. In comparison, a finite
mobility shift was measured for b-PE alone. For solutions of
conjugates at increasing b-PE-to-QD ratio, one can easily discern
a discrete band with mobility intermediate between those of
the QDs and b-PE (lanes 1 and 8, respectively). A concomitant
decrease in the PL of the QD band is also noted as the ratio of
b-PE and conjugate formation increases, which can be attributed
to FRET interactions (see below). Furthermore, when the
mobility bands corresponding to the various b-PE-to-QD ratios

(lanes 2-7) and that of b-PE (control in lane 8) are compared,
it appears that in addition to the main QD-b-PE conjugates,
bands corresponding to the QDs and b-PE alone can also be
visualized. The distribution in mobility bands for the conjugate
solution is attributed to a distribution of conjugate valences
varying between zero and the maximum expected, as previously
observed for self-assembled bioconjugates (10, 48). The valence
of QD conjugates is described by Poisson statistics and its effects
are usually more visible at low protein-to-QD ratio as is the
case in the present samples. Further, it is quite possible that
not all the b-PE is conjugated to Streptavidin. Similarly, we
carried out a side-by-side comparison of the mobility band shifts
of solutions of QD-YFP conjugates at increasing YFP-to-QD
ratios together with that of unconjugated QDs (data not shown).

Figure 3. Cellular uptake of QD-YFP bioconjugates. Images collected from COS-1 cells incubated with (A) QD-CPP, (B) QD-YFP, and (C)
QD-CPP-YFP assemblies; QD conjugate solutions at 75 nM concentration were used. For each series (left to right) the contrast, fluorescence
images for 510-nm QD, YFP, AF647-Transferrin, DAPI, together with the merged fluorescence composite images are shown. Scale bar is 10 µm.

Figure 4. Cellular uptake of QD-YFP bioconjugates. HEK293/T17 cells were incubated with QD-CPP, QD-YFP, and CD-CPP-YFP assemblies
as shown in Figure 2. Only merged representative fluorescent images compiled from the DAPI, QD, and YFP emissions are shown for each
conjugate. Scale bar is 10 µm.
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QDs exhibited the highest mobility shift due to the presence of
negative surface charges (deprotonated carboxyl groups on the
DHLA ligands), while a decrease in mobility shift with
increasing conjugate valence was measured, which we attributed
to an increase in conjugate size, i.e., YFP retards QD migration
as more proteins are attached to the QD.

Assembly of both sets of QD-YFP and QD-b-PE conjugates
were further confirmed by “visualizing” FRET between the
central QD and proximal fluorescent proteins within the
conjugates. The favorable spectral overlap between the nano-
crystal emissions and either of the fluorescent proteins should
result in a significant FRET interaction; see Figure 1. Repre-
sentative deconvoluted spectra are shown in Figure 2B for
QD-b-PE conjugates, where a loss in QD PL is measured along
with a concomitant increase in acceptor PL upon conjugate, in
agreement with previous results collected from solutions of
QD-protein/peptide-dye conjugates (10, 48-50). Monitoring
the relative QD donor and fluorescent protein acceptor emissions
at different acceptor ratios allowed us to choose optimal
assembly ratios for cellular uptake experiments. For imaging,
significant emission from both the QD donor and the FRET-
sensitized acceptor protein were desired. A detailed description
and analysis of the FRET interactions will be presented
elsewhere.

Intracellular Delivery of QD-YFP Conjugates. To verify
that uptake of QDs surface functionalized with YFP cargo is
mediated by the presence of CPP on the nanocrystal surface,
two different cell lines, COS-1 and HEK293/T17, were sepa-
rately incubated with 3 types of conjugate: QD-CPP conjugates
(∼50 CPP per QD), QD-YFP conjugates (10 YFP per QD in
the absence of CPP), and QDs assembled with a mixture of

YFP and CPP (QD-YFP-CPP with ∼10 YFP and 50 CPP
per conjugate). Cells were incubated with solutions of 510-nm
emitting QD conjugates (at ∼75 nM concentration), rinsed to
remove any unbound materials, and subsequently imaged using
epifluorescence microscopy. Cells were also counter-stained with
DAPI and AF647-transferrin to allow visualization of the nuclei
and endosomes, respectively. Figure 3 shows images collected
for COS-1 cells incubated with the indicated QD bioconjugates.
Each row of panels shows representative DIC, 510-nm emitting
QDs (green), YFP (yellow), AF647-TF (red), DAPI (blue), and
the merged fluorescent composite images (right). Figure 4 shows
only the merged images collected for the HEK cells similarly
incubated with the three types of QD bioconjugates. The images
collected for both types of cells indicate that in the absence of
CPP there is essentially no intracellular uptake of QDs or
QD-YFP conjugates during the incubation times used; the weak
fluorescence measured in a few of the cells is attributed to
nonspecific binding to the cell surfaces. When additional CPP
is presented on the QD surface (mixed surface QD-protein-CPP
conjugates), a substantial intracellular uptake of conjugates takes
place as indicated by the pronounced fluorescence intensity
measured for both sets of cells. Furthermore, images collected
for both cultures showed that there is a nearly complete overlap
between the fluorescence patterns of the QD and YFP; see last
column of images in Figure 3 for COS-1 and merged images
in Figure 4 for HEK293. Overlap between emissions of the QDs
(λem ∼ 510 nm) and YFP (λem ∼ 530 nm) results in a small,
non-negligible leakage of fluorescence signals between the
respective images, as complete spectral separation is not possible
with the dichroic filters used (see QD and YFP images in Figure
3). Evaluation of the staining patterns and colocalization with

Figure 5. Cellular uptake of QD-b-phycoerythrin conjugates. Representative images of HEK293/T17 cells incubated with (A) QD-CPP, (B)
QD-b-PE, (C) QD-CPP-b-PE. 540 nm emitting QD conjugates at 75 nM concentration were used. For each set of conjugates, the corresponding
contrast, fluorescence images of 540-nm QD, b-PE, AF647-Transferrin, DAPI, along with the merged composite fluorescence images are shown.
Due to overlap between the QD and b-PE emissions, spectral leakage between the QD and b-PE fluorescence can be seen along with some b-PE
adherence to the cell membrane. Scale bar is 10 µm.
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the endosome-specific AF647-TF marker indicate that QD-
protein/peptide conjugates remain intact after uptake, have a
perinuclear distribution, and are predominantly confined within
endosomal compartments. The efficient internalization of QD
conjugates by both cell lines only in the presence of CPP again
demonstrates that CPP facilitates the specific intracellular uptake
of QDs surface-functionalized with fluorescent protein cargos
and uptake is driven mainly by endocytosis. This result
complements and supports our previous findings using QD-CPP
conjugates, reported in ref (25).

Delivery of QD-b-Phycoerthrin Conjugates. Confident in
the ability of CPP to promote the cellular uptake of QD
bioconjugates carrying multiple copies of a relatively small
protein, we next challenged this delivery mechanism with a far
larger protein complex. Streptavidin conjugated b-PE (total
estimated Mw ∼300 kDa) were attached to DHLA-PEG-biotin-

QDs with emission centered at 540 nm and, as done above,
three variations of QD conjugates were incubated with HEK293/
T17 cells: QD-CPP conjugates (no b-PE), QD-b-PE conju-
gates (no CPP), and QD-CPP-b-PE assemblies (protein and
peptide both present). Average ratios of ∼1 and 2.5 b-PE per
QD conjugate were used. Each row of images displayed in
Figure 5A-C shows representative DIC, 540 nm QD emission
(green), b-PE (yellow), AF647-TF (red), DAPI (blue), and
merged composite fluorescence images (right) for each of the
three QD conjugates tested. Data are shown for QD-b-PE with
valence of 1, but similar results were collected for conjugates
having 2.5 b-PE per QD conjugate (not shown). As found above
with YFP, CPP is the key mediator of cellular uptake. The strong
fluorescence of b-PE is a clear reflection of the natural brightness
of these proteins. The pattern of staining from the QD, b-PE,
and Transferrin-marker channels in cells exposed to the

Figure 6. Photobleaching of intracellular QD-b-phycoerythrin conjugates. HEK293/T17 cells incubated with QD-CPP-b-PE conjugates and
continuously illuminated with 488 nm laser excitation. (A) 540 nm QD and (B) b-PE fluorescence signals were separated using the Dualview
imaging system and monitored over time; images shown were collected at the indicated time intervals. Scale bar is 10 µm. (C) Progression of
integrated fluorescence intensity with time collected from the QD and protein emission channels.
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QD-CPP-b-PE assemblies are fully superimposable, which
again strongly suggests that the b-PE remains attached to the
nanocrystal and primarily localized within the endosomes.
Similar results were also obtained with COS-1 cells (data not
shown).

One of the unique features of luminescent QDs with direct
relevance to biological imaging is their strong resistance to
degradation combined with high photobleaching thresholds as
compared to conventional dyes (11, 51). For example, Wu and
co-workers compared the fluorescence decay of AlexaFluor 488
and CdSe-ZnS QDs in fixed 3T3 cells under continuous
illumination and found that, while the dye fluorescence is
essentially bleached after ∼60 s, the QD signal persists for
orders of magnitude longer exposure times (51). Our QD-YFP
and QD-b-PE conjugates stay assembled after uptake and they
thus offer an easy side-by-side comparison of QD and fluores-
cence protein signals for colocalization and stability studies.
COS-1 cells incubated with 540 nm QD-CPP-b-PE biocon-
jugates were continuously excited at 488 nm for extended
periods of time and the fluorescence signals of the QD and b-PE
were separated using the DualView imaging system equipped
with a 565 nm dichroic filter. The representative images shown
in Figure 6A,B together with the plot of integrated PL intensities
from each channel (Figure 6C) indicate that the b-PE signal
decays to ∼50% of its initial value in ca. 20 s and to less than
5% within 90 s. In comparison, the QD signal remains
essentially unperturbed. The present comparison using fluores-
cent proteins extends and confirms prior findings on the
pronounced QD resistance to photobleaching, using intracellular
side-by-side comparisons between QDs and fluorescent dyes
(51). This result also confirms the intracellular colocalization
of the assembled conjugates, as the pattern of the rapidly
bleached b-PE fluorescence is completely superimposed over
the QD fluorescence pattern. Furthermore, by direct inference

this also proves the structural and functional integrity of the
QD-fluorescent protein cargos after delivery inside live cells.

DISCUSSION

Our results clearly show that cell-penetrating peptides can
mediate the intracellular delivery of QDs conjugated to ad-
ditional proteins of substantially larger size and molecular
weight. This expands our previous results, where CPP was found
to facilitate uptake of QD-CPP conjugates by eukaryotic cells
(25). It also expands the findings by Torchilin and co-workers,
where TAT peptide on the surface of liposomes allowed their
intracellular delivery, even at low temperature and in the
presence of metabolic inhibitors (52). In our case, CPP allows
the QD-CPP conjugates to function as nanoscale vectors for
the intracellular delivery of model fluorescent proteins cargos.
Further, the conjugates essentially constitute multifunctional
platforms, where the nanocrystals provide a fluorophore for
visualization and scaffolds for immobilizing proteins and CPP,
two biologically active “receptors” with different functions and
spatial extensions. As YFP and b-PE are fluorescent, they also
provide an additional means for conjugate visualization, and
verification of both colocalization and delivered protein cargo
integrity. The successful delivery of QD-CPP-YFP/b-PE con-
jugates into both HEK-293 and COS-1 cell lines proves that
assembling additional larger size proteins on the nanocrystal
surface does not interfere with the ability of CPP to mediate
intracellular uptake of QD assemblies, a result that is a priori
unexpected. Our results also show that multiple noncovalent
conjugation schemes based on metal affinity self-assembly and
biotin-avidin binding can be simultaneously applied within the
same complex, without requiring further purification, to produce
multifunctional QD bioconjugates that are stable even in
intracellular environments. We found that the labeled cells
displayed similar viability as that noted in our previous study

Figure 7. Cellular microinjection. 1:1 540 nm DHLA-PEG-biotin/QD-b-PE conjugates were microinjected directly into the cytosol of HEK293/
T17 and COS-1 cells. Representative merged DIC and fluorescence images are shown. Note the clearly distinguishable nuclei in some of the COS-1
cells. Scale bar is 10 µm.
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where little to no cytotoxicity was noted in cells exposed to
QD bioconjugates for short 1 h incubations. We have also
followed QD-CPP bioconjugates from 3-7 days following
uptake and 1-3 days after microinjection with no apparent
cytotoxicity noted (data not shown).

Although fluorescent proteins have become ubiquitous in
biological research (53), there has not been much work aimed
at exploiting hybrid dual fluorescent QD-protein conjugates
beyond two preliminary studies investigating resonance energy
transfer between QDs and fluorescent proteins (54, 55). Our
study shows the potential of such conjugates to explore specific
issues such as intracellular delivery and conjugate distribution
inside live cells. The ability of the relatively small cell
penetrating peptide to facilitate the intracellular delivery of large
protein cargos is rather remarkable. Our data suggest that by
utilizing an average of ∼10 YFPs plus a nominal 50 CPP per
QD, intracellular delivery of protein cargos with molecular
weights of at least ∼300 kDa and a spatial extension of ∼150
Å can be achieved; the size estimate takes into account the
nanocrystal and protein/peptide dimensions. The delivered
cargos for QD-b-PE conjugates have much larger size and
molecular weight. For instance, with an average of 2.5
Streptavidin-b-PE per conjugate, the delivered assemblies have
a molecular weight that potentially exceeds ∼103 kDa and
overall dimensions approaching ∼500 Å. Molecular weight and
size can increase quite substantially if conjugates with higher
b-PE valences are used.

This study also provides further insight into CPP-mediated
capabilities and confirms our earlier findings that nanoparticle
conjugates taken up via this method are primarily distributed
within endolysosomal compartments (25). Although CPP-
mediated delivery is an efficient method of intracellular delivery
and labeling of many different types of cells, a variety of cellular
biosensing and translocation assays will ultimately require
cytosolic distribution rather than endosomal confinement of the
QD conjugates. Some techniques are available for nucleic acid
transfection through endosomes; however, consistent and ef-
ficient endosomal escape methodologies, especially for func-
tionalized nanoparticles, have yet to be developed (56, 57). As
such, cellular microinjection was evaluated as an alternate
technique for delivering the QD-FP conjugates. Although a
physical technique usually requiring manual operation, cellular
microinjection is one of the few methods that can allow direct
and consistent access to the cytosol of different cell types (58).
The same 1:1 540 nm QD-b-PE bioconjugates utilized above,
without additional CPP, were microinjected directly into the
cytosol of both HEK293/T17 and COS-1 cells. Figure 7 show
representative micrographs where the superimposed DIC and
fluorescent images demonstrate a well-dispersed conjugate
distribution across the entire cytoplasm, as opposed to the more
localized and punctuate staining typically observed with CPP-
mediated delivery. Though this delivery route is less efficient,
since cells must be individually injected, it offers an alternative
approach for targeted delivery of controlled cargo materials
(such as drugs) directly into the cytoplasm of an array of live
cells. This could potentially allow subsequent cellular effects
to be intimately studied along with the tracking of other
intracellular markers.

In summary, we have shown the remarkable ability of CPP
to function as a simple and effective peptidic tool that can
facilitate intracellular delivery of luminescent QDs decorated
with both small and large protein cargos. Based on the
multifunctional architecture demonstrated here, these hybrid
nanostructures provide ideal tools for investigating intracellular
tracking of proteins, protein-protein interactions, and potentially
drug delivery (2, 8, 9, 59, 60). Such multifunctional QD
conjugates could allow the evaluation of critical issues such as

efficiency of cellular uptake, endosomal escape, intracellular
conjugate stability, and intracellular fate through the simulta-
neous monitoring of QD and fluorescent protein emissions.
Other recently described strategies aiming to address these
questions necessitated multiple, complex synthetic steps to
prepare the probe and rely on multiple metabolic processes and
inference for results (61). Self-assembly of probes with control
over their structures and direct monitoring of fluorescent signals
potentially offers a much simpler approach. Including additional
functionalities intheQDcargosuchasFRET-basedsensors(50,62),
for example, could report on cellular physiology and responses
to environmental or drug-induced challenges. Furthermore,
substituting or simply adding other targeting peptides within
the conjugate could also provide the means to evaluate the
delivery efficacy of such cargos to particular cellular organelles.
Future experiments will focus on studying QD-fluorescent
protein FRET interactions intracellularly as a means of monitor-
ing both conjugate fate and integrity over time. Lastly, it is worth
noting that it is exactly these types of multifunctional nanopar-
ticle assemblies that are projected to form the basis of next-
generation nanomedicine and diagnostics (1-5, 8, 9, 59, 60, 63)
and it is clear that semiconductor quantum dots may play an
important tole in their development.
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