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Abstract
Cell penetrating peptides facilitate efficient intracellular uptake of diverse materials ranging from
small contrast agents to larger proteins and nanoparticles. However, a significant impediment
remains in the subsequent compartmentalization/endosomal sequestration of most of these
cargoes. Previous functional screening suggested that a modular peptide originally designed to
deliver palmitoyl-protein thioesterase inhibitors to neurons could mediate endosomal escape in
cultured cells. Here, we detail properties relevant to this peptide’s ability to mediate cytosolic
delivery of quantum dots (QDs) to a wide range of cell-types, brain tissue culture and a developing
chick embryo in a remarkably non-toxic manner. The peptide further facilitated efficient
endosomal escape of large proteins, dendrimers and other nanoparticle materials. We undertook an
iterative structure-activity relationship analysis of the peptide by discretely modifying key
components including length, charge, fatty acid content and their order using a comparative, semi-
quantitative assay. This approach allowed us to define the key motifs required for endosomal
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escape, to select more efficient escape sequences, along with unexpectedly identifying a sequence
modified by one methylene group that specifically targeted QDs to cellular membranes. We
interpret our results within a model of peptide function and highlight implications for in vivo
labeling and nanoparticle-mediated drug delivery by using different peptides to co-deliver cargoes
to cells and engage in multifunctional labeling.

Keywords
Endosomal escape; cytosol; nanoparticle; quantum dot; peptide; fusogenic; cellular labeling;
protein; cargo; dendrimer; membrane; cell penetrating peptide

Utilization of the HIV TAT (transactivator of transcription) polyarginine-basic motif, along
with other sequences including penetratin, transportan, and Chariot/Pep-1 as cell penetrating
peptides (CPPs) to deliver exogenous materials to cells has helped revolutionize cellular
biotechnology.1–8 In contrast to utilizing lipid polymers or electroporation, peptide-mediated
delivery is attractive as peptides are small, easily synthesized, biocompatible and can be
chemically-linked to almost any molecule of interest. The exact mechanism of TAT-delivery
has been contentious, with evidence presented for both endosomal uptake and a direct
membrane translocation process. Current thinking suggests both possibilities, with the exact
modality dependent on a complex interplay between cell-line, peptide sequence,
physiochemical “cargo” properties and a host of other factors that are not fully
understood.2–5 Regardless, a nearly indescribable number of “cargoes” including drugs,
contrast agents, nucleic acids, proteins/antibodies, other peptides, nanoparticles, and
synthetic polymers have undergone cellular delivery using TAT or related sequences.1–5,9

With limited exceptions for some nucleic acids and highly lipophilic molecules, the vast
majority of materials delivered to cells in this manner remain sequestered in the vesicular/
endolysosomal system and never achieve full cytosolic access.1,2,10 Endoosmolytic agents
such as chloroquine or proton sponge polymers are available, however, they are generally
toxic and of limited utility.11,12 Endosomal escape or “fusogenic” peptides have also been
reported, but have not proven robust for use with many different cargo types.1,13 Although
tumor specific peptides are a major interest for targeted chemotherapeutic nanomedicine, a
critical need still remains for unique peptide sequences that are cumulatively capable of
broadly mediating: 1-cellular uptake, 2-endosomal escape to the cytosol, 3-delivery of
disparate cargoes ranging from small drugs to large nanoparticles, 4-delivery to a wide range
of cells/tissues, and 5-accomplishing all this in a non cytotoxic manner.1,2 This is especially
relevant within the developing fields of theranostics and nanoparticle-mediated drug
delivery.

We previously evaluated several proposed protocols for achieving cellular delivery and
endosomal escape of semiconductor quantum dots (QDs).11 Strategies tested included active
protocols such as electroporation and nucleofection along with facilitated methods such as
polymer- and peptide-mediated uptake. Promising results were noted with a modular peptide
designed for the delivery of palmitoyl-protein thioesterase 1 (PPT1) inhibitors to neurons;
these act as pharmacological chaperones in infantile Batten disease.10,13 This parent peptide
(see JB577, Table 1) consists of the sequence WG•(DapPal)•VKIKK•P9•GG•H6 and can be
subdivided into functional modules as indicated by the breaks (•) in the sequence (see also
Fig. 5A). The core is (DapPal)•VKIKK, where Pal is a palmitoyl group anchored to a
synthetic diaminopropionic acid (Dap) residue by a non-hydrolyzable amide linkage.
VKIKK originates from the carboxy-terminal CPalVKIKK motif of the K-Ras4A signaling
protein where it’s recognized by palmitoyl transferases resident in the endoplasmic
reticulum (ER)-Golgi. These catalyze cysteine palmitoylation via a hydrolyzable thioester
linkage.14–16 This post-translational modification, along with a related farnesylation, allows
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the K-Ras4A C-terminus to insert into the cell membrane where it participates in assembling
the Ras-phosphorylation cascade.15–17 Intracellularly, Pal thioester-attachment is reversed
by PPT as part of the mechanism that controls Ras cellular localization.14–16 The peptides
terminal His6-module provides self-assembly to QDs via metal-affinity coordination as
described18,19 while the Pro9 is thought to assume a type II helix providing a rigid spacer
between the QD/His6-attachment point and the peptide core. Finally, Gly2 acts as a flexible
hinge between the previous modules while Trp allows for spectroscopic quantitation.
Poly(L-proline), polyhistidine and secondary amphipathic peptides displaying multiple Trp
residues have been reported as efficient CPPs in their own right, making it unclear which
elements of the sequence facilitate cytosolic delivery.20–22 Preliminary screening of this
peptide for QD cellular delivery indicated it could mediate rapid endocytic uptake of the
QDs (1–2 h) followed by a slower cytosolic release that peaked ~48 h after delivery.11

Here, we extensively characterize JB577 properties relevant to cytosolic delivery of QDs
and demonstrate applicability to other cell-lines/model tissues. We show that JB577 also
facilitates efficient cytosolic delivery of proteins, a dendrimer and other types of
nanoparticles. We undertook an iterative structure-activity relationship (SAR) analysis23–25

of the peptide to elucidate residues required for endosomal escape by modifying key motifs
including charge, length, fatty acid content and domain order (Table 1). These analogues
were evaluated within a comparative, semi-quantitative assay, allowing us to select
sequences demonstrating more efficient delivery along with one that delivers QDs
specifically to cellular membranes (Table 2). The combinatorial application of peptides is
highlighted by performing simultaneous multicolor QD cellular labeling.

Results
Quantum dots and peptide conjugation

Experiments primarily utilized green-550 nm or red-625 nm emitting CdSe/ZnS core/shell
QDs solubilized with polyethylene glycol-modified dihydrolipoic acid (DHLA-PEG) or
zwitterionic CL4-surface ligands; hydrodynamic diameter (HD) ~11.5 and ~13 nm for 550-
PEG and 625-CL4 QDs, respectively (chemical structures of the ligands are shown in the
Supporting Information, SI).26 These ligands provide bright, stable nanocrystals that are
non-fouling and soluble across a broad pH/ionic range. For peptide conjugation, we utilized
polyhistidine (Hisn) metal-affinity coordination to the Zn-rich QD surface. This simple, high
affinity (Kd ~1 nM) self-assembly approach rapidly provides spontaneously-formed
stoichiometric conjugates (sec to min) without requiring subsequent purification.18 All
peptides (Table 1) were synthesized as described in the SI. Prior physiochemical
characterization studies suggested that ~50 ± 10 peptides could be displayed on 530–550 nm
QDs (diameter ~6–6.5 nm) functionalized with DHLA-based ligands.27 The larger diameter
of the 625 nm QDs (~10 nm) suggest a capacity to display a higher peptide valence.28

Characterization of endosomal escape
As an initial baseline, we confirmed our previous JB577 results in direct comparison to
uptake mediated by the ubiquitous TAT-peptide.11 We incubated 100 nM QD-peptide
conjugates (~75 peptide/QD valence to assure saturated loading; slight excess did not affect
results - see below) with COS-1 (monkey kidney derived fibroblast-like) cell monolayers for
1–2 h followed by washing and culturing for 48 h prior to fixation and microscopic
examination (full procedural description in Methods and in SI). Fig. 1A shows
representative cells exposed to 550 nm QDs assembled with JB577 as well as JB434, an
Arg9-terminated TAT-CPP.11 JB577-conjugates again appeared well-dispersed throughout
the cytosol, occupying the entire cell volume except for nuclei as evidenced by nuclear co-
staining with DAPI. Endosomal counterstaining with Cy5-labeled transferrin (Tf-Cy5)
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confirmed the QDs are distinctly separated from these vesicular compartments at 48 h post
delivery.29,30 Notably, endosomal signal remained uniformly punctate - indicative of an
intact, undisrupted endocytic pathway. Approximately 90% of cells analyzed showed QD
uptake and, of these, ~77% had visible endosomal release with minimal loss of cellular
viability (see Table 2 and quantitative delivery discussion below). Confocal micrographs
collected through the cell itself volume confirmed the almost uniform, cytosolic distribution
of the QDs (SI Fig. 10). Imaging live cells prior to fixation confirmed these observations
were not an artifact of fixation (data not shown).31 Although QD photoluminescence (PL)
appears uniformly diffuse in these cells, in certain other cases, diffuse cytosolic QD PL was
interdispersed with brighter, punctate PL which we attribute to some QD-peptide material
remaining vesicular. In contrast, control cells exposed side-by-side to QD-JB434 showed a
tight-punctate, vesicular distribution of QDs which consistently colocalized with the Tf-Cy5
endosomal marker (Fig. 1A). This latter result mirrors our previous experience with TAT-
peptide delivery of QDs and indeed reflects much of what has been reported for similar
constructs in a wide range of cells.2,6,10,11

Growth time and peptide valency—Moving beyond confirmation of previous findings,
QD-JB577 release to the cytosol over time was next examined (Fig. 1B). QD-conjugates
were incubated with COS-1 cells as above and imaged at selected time points. Imaging 1 h
post-delivery showed QDs adopting a punctate, slightly perinuclear staining that distinctly
co-localized with Tf-Cy5 staining (data not shown). At 24 h, QD staining was less
perinuclear and appeared to begin accessing the cytosol. By 48 h, a maximal diffuse QD
morphology was noted. No appreciable increase in endosomal escape was observed at
longer culture time points. To evaluate valency (i.e., peptide ratio:QD) requirements, QDs
were assembled with increasing ratios of JB577, delivered to A549 adenocarcinomic human
alveolar basal epithelial cells and imaged at 48 h. Representative images in Fig. 1C clearly
demonstrate that endosomal escape tightly tracks QD-peptide ratio, with maximal effect
observed at 75 peptides/QD (i.e. maximal loading). Ratios of 19- and 38-peptides/QD show
a mixture of punctate and dispersed QD staining while the highest valency shows QD PL
that is almost completely cytosolic. Uptake efficiency, as observed from the relative QD PL
intensity within each cell, also correlates with peptide valency (i.e., higher peptide:QD ratios
resulted in more QD delivery). Given these results, maximal peptide valency and 48 h post-
delivery incubation was maintained unless noted.

Peptide fate and self-delivery—To verify that JB577 remained QD-associated and was
not proteolytically cleaved or “disassembled” intracellularly, a TAMRA dye-labeled JB577
(JB867) was conjugated onto 625 nm QDs and delivered to COS-1 cells. Fluorescence
collected independently from the TAMRA and QD channels had identical staining patterns
strongly suggesting the peptide remains QD-associated throughout the uptake/endosomal
escape process (Fig. S11). These colors/channels were chosen such that QD FRET
sensitization of the dye would not take place thus simplifying the analysis. The ability of
JB577 to mediate its own endosomal escape was tested in a similar manner with JB728, a
sulforhodamine B dye-labeled version, versus JB722, a sulforhodamine-labeled TAT-CPP
derivative. Fig. 1D shows that this JB577 analog undergoes endosomal escape, even in the
absence of attachment and display around a central QD platform, yielding a diffuse staining
across the cell in contrast to the punctate, endosomal pattern observed for JB722-TAT.
However, a similar punctate Tf-Cy5 endosomal staining was noted for both peptide samples.

Transmission electron microscopy of QD-JB577 in fixed tissue—Given the
above results, it was imperative that we collect further corroborating evidence with other
experimental means to unequivocally confirm endosomal escape of the QDs. For this we
turned to transmission electron microscopy (TEM) and continued working with another
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more complex tissue model system in which we had previously tested QD-JB577 delivery.32

As JB577 was originally developed for delivering PPT1 inhibitors specifically to neurons,
we had performed studies of QD delivery with this same peptide in ex vivo mature rat
hippocampal slice cultures. Using 625 nm QDs functionalized with CL4 and conjugated to
JB577 we had observed specific delivery of the QDs to neurons. TEM studies in this system
are facilitated by the ability to fix, process, slice, and prepare this tissue in a relatively facile
manner (as opposed to cellular monolayers grown in culture in a multiwall dish format).
Preliminary TEM micrographs of these tissues indicated cytosolic escape of the QD-JB577
conjugates.32 Continuing on with a more rigorous evaluation of QD escape in this system by
TEM analysis, we found that QD-JB577 conjugates (ratio 25/QD) are primarily visualized
as individual nanocrystals across the entire cellular cytosol. See for example the
representative TEM micrographs in Figure 2A which are shown at different magnifications
and where individual QDs appear as small black dots against the cellular background. In
stark contrast to this finding, when QD-CL4 samples lacking any peptide were exposed to
the same tissue slices in exactly the same manner, the QDs are visualized as dark and dense
agglomerations and appear to be specifically sequestered in what appear to be vesicles. In
conjunction with the fluorescent imaging results above, this additional data provides very
strong experimental evidence supporting the ability of JB577 to facilitate QD escape into the
cellular cytosol.

Differing cell-lines and other tissues—JB577 exhibited similar efficiency in allowing
QDs to access the cytosol of other cell-lines representing several tissue-types. As shown in
Fig. 3A and Table 2, JB577 facilitated robust, comparable cytosolic delivery of QDs in
PC12-Adh (adherent rat adrenal pheochromocytoma), HeLa (human cervical carcinoma),
HEK (human embryonic kidney 293 cells) and primary human dermal fibroblasts. To test
escape in another complex and rapidly growing in vivo biological system, JB577–625 nm
QD-CL4 conjugates (25:1 ratio) were injected into the spinal cord canal of a developing 3-
day old chick embryo (Fig. 3B). Following 3 days growth, the embryo was fixed, sectioned
into 10 µm thick slices, and imaged with confocal microscopy. QD-conjugates were found
distributed throughout the neuroaxis in neuroblasts with significant cytosolic labeling that
appeared to be colocalized with Nissl body staining/fluorescence (the latter are extranuclear
RNA granules consisting of rough ER and ribosomes). Control experiments where QDs
lacking peptide were also injected into the spinal cord of chick embryos did not result in any
apparent cytosolic labeling (data not shown). We note that embryonic development
continued normally over the 3 days growth with no visible defects or teratogenicity
observed. This example, in conjunction with that of the rat hippocampal slice culture above
and the same observations in primary fibroblasts, confirms that JB577-mediated endosomal
escape of QDs can be robustly applied to both primary and transformed cell lines along with
quite complex tissue samples.

Endosomal escape of other nanomaterials
A critical aspect to future JB577 utility would be its ability to mediate endosomal escape of
more diverse cargo materials. In contrast to relying on His6-driven peptide assembly, we
began by conjugating commercial 605 nm emitting nanocrystals (NCs, eBioscience) capped
with a carboxylated-DSPE-PEG lipid coating (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000], HD ~35 nm)33 to JB588
using standard carbodiimide (EDC) chemistry.26,33,34 JB588 is a JB577 analog where His6
and VKIKK were replaced by a unique, terminal lysine (for EDC conjugation to carboxyls)
and the VRRRIRR sequence (which displays a similar basic-charge character), respectively.
Fig. 4A shows images where NC-JB588 conjugates again displayed a cytosolic staining in
direct contrast to control NCs coupled to TAT control peptides. We also evaluated protein
cargo delivery with maltose binding protein (MBP) displaying a unique D95C residue
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labeled with Texas Red.35 This sugar binding protein (MW ~44 kDa; size ~3.0 × 4.0 × 6.5
nm; 51 carboxyl groups with ~84% surface-exposed and available as potential conjugation
sites) was similarly EDC-coupled to JB588. COS-1 cells exposed to MBP-JB588 conjugates
displayed a well-dispersed cytosolic delivery which was again in stark contrast to cells
exposed to MBP-JB586 TAT-controls (Fig. 4B). Identical experiments were performed with
the far larger b-phycoerythrin (b-PE) light harvesting complex (MW ~240 kDa, ring
structure: 11.0 × 6.0 nm, 222 carboxyl groups with ~67% surface-exposed) and yielded
essentially identical results (Fig. 4C). Importantly, covalent peptide-modification did not
compromise b-PE fluorescent properties. As an alternative to proteins, a generation-5
tetramethylrhodamine-labeled poly(amido amine) (PAMAM) dendrimer (MW ~29 kDa,
~5.5 nm diameter) was covalently-coupled to JB588 and provided similar delivery results
(Fig. 4D). Lastly, we tested 8.2 nm diameter gold nanoparticle- (AuNP) peptide conjugates
(Fig. 4E). As the AuNPs are not inherently fluorescent – observing their cellular fate was
more challenging and we utilized silver staining enhancement and hyperspectral imaging to
accomplish this.36 In this case, AuNP-JB588 manifested a cytosolic/perinuclear delivery
pattern (see Figure 4E image under Silver stain/merge) that was proximal to the DAPI
nuclear stain. In comparison, the AuNP-TAT-control (JB586) was unable to induce even
modest endosomal uptake of the nanoparticle and the materials remained at the cellular
membrane or periphery (see Figure 4E image under Silver stain); the latter observation also
confirms some of our previous results.35 Since silver staining prevented observation of Tf-
Cy5 fluorescence, it was not possible to confirm cytosolic delivery of the AuNP-JB588
materials. However, it was clear that JB588-conjugation still provided unique uptake
attributes including initial cellular uptake which are unavailable to the same size AuNPs
functionalized with the control TAT-motif peptide.

Overall, uptake efficiency and endosomal escape of these cargoes was comparable to or
even more efficient than for QDs with all cargo distinctly separated from counterstained Tf
marker (data not shown). To ensure these deliveries resulted from covalently-linked
lipopeptide, all constructs were purified by size-exclusion chromatography to remove any
remaining “free” peptide. These experiments also show that the putative presence of free
peptide in our self-assembled QD constructs above is clearly not an essential requirement for
efficient uptake and escape.

Structure activity relationship
To provide insight into the role of each motif within JB577 and its contribution towards QD
uptake/cytosolic delivery, an iterative SAR analysis was undertaken.23–25 Modifications to
the existing motifs were made and are grouped into four categories in Table 1: 1-Pro9-linker
length, 2-charge, 3-fatty acid nature along with its attachment chemistry, and 4-presentation
order. To comparatively assess amongst all 29 peptides tested, we implemented a semi-
quantitative assay which examined individual cells and derived a score for both QD uptake
and endosomal escape efficiency. Fig. 5A shows representative micrographs from this
classification system. For each peptide tested, QD uptake in cells was categorized as: no
uptake (no discernible intracellular QD signal), low, moderate or high QD signal. Similarly,
the degree of endosomal escape was classified as: membranous (excluded from cell interior),
punctate (endosomal), moderate or high endosomal escape. Each peptide was then classified
for QD uptake based on cellular scorings as low (<30% cells with uptake), moderate (30–
60% uptake), or high (>60% uptake). Endosomal escape was also scored with peptides
showing low (<30%), moderate (30–70%) or high (>70%) escape efficiency. Assessments
were made from micrographs collected across multiple fields of view in triplicate
experiments in direct comparison to results from JB577- (positive control) and JB434- (TAT
peptide, negative control) QD conjugates run side-by-side simultaneously. All samples were
counterstained with DAPI and Tf-Cy5 to aid in determinations. Table 2 presents results from
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peptides yielding both moderate to high QD uptake and endosomal escape. Cell numbers
examined, quantitative assessment, and cellular viability for each QD-peptide conjugate is
also given. See Supporting Table S1 for full results, cellular viability for cells exposed to
peptide-alone controls and representative images from other deliveries.

The first motif investigated was Pro9-linker length (Table 1, Focus: Pron-linker). Analogues
replaced Pro9 with: Pro4,12,15 (JB582/JB865/JB864); equivalent numbers of the non-natural
residue α-isobutyric acid, Aib (JB747) which adopts an α-helical structure;37 or substitution
with either a short Ala4 or PAA sequence (CS56 Pal-2/CS56 Pal-3). Only JB865/864
displaying the longer Pro12,15-repeats or equal numbers of Aib (JB747) maintained a
moderate-to-high level of QD uptake and endosomal escape, see Fig. 5B for selected results.
Charge was next examined (Table 1, Focus: Charge), with peptide variants displaying: 0
(JB578) or 2-VKIKK motifs (JB895), VKIKK replacements with a positively-charged/
cationic [VRLPPP]3 repeat, and Lys replacement with increased numbers of Arg. The latter
two were also tested with (JB583/JB869) and without (JB585/JB868) the palmitoyl group to
determine whether that, in conjunction with the charged motif, was capable of mediating all
necessary uptake and escape activity. Only JB869 displaying both repeated Arg and
palmitoyl yielded significant QD uptake and escape. Similar to JB577, this variant displays
nine Pro residues, albeit not contiguously, a similar predicted +3 charge at pH 7.4, along
with the presence of Val residues.

Further testing focused on palmitoyl modification and was more complex in nature (see
Table 1, Focus: Fatty acid). Of particular interest here was whether this moiety was critical,
needed to be presented in a specific position/orientation, contributed generic hydrophobicity/
membrane insertion alone, and what influence the lipid-attachment chemistry exerted. The
palmitoyl was alternatively replaced with octanoyl (JB641), dioctanoyls (JB621), cholesterol
(SI-09160), heptadecafluoroundecanoic acid (C8F17, JB729) or a farnesyl group (JB872).
Cholesterol, C8F17 and farnesyl groups are all known to have strong membrane insertion
propensity.38,39 The Dap used for palmitoyl attachment was also switched to diaminobutyric
acid (Dab, JB858), ornithine (orn, JB893), and lysine (JB894) which was intended to extend
the side chain length in a stepwise manner by single methylene groups (Fig. S2). These
modifications allow evaluation of the relationship between the palmitoyl and the peptide
backbone along with imparting flexibility to the former for better access/interactions with
the membrane. JB876 mimicked the natural reversible in vivo palmitoyl attachment by
conjugating a hydrolyzable cholesterol to a cysteine-thiol through a unique acetyl linker.
Peptide variants displaying one alkane chain (JB641), cholesterol (SI-09160), C8F17 (JB729)
or farnesyl (JB872) all demonstrated more efficient endosomal escape than JB577, with the
farnesyl also inducing higher initial QD uptake (Fig. 5B). Increasing hydrophobicity by
doubling the display of palmitoyl (JB580/866) or C8 (JB621) was counterproductive and
lowered cellular uptake.

The nature of palmitoyl/fatty acid attachment proved critical since ester reversibility
dramatically lowered uptake (JB589) and completely abrogated escape in the case of
cholesterol (JB876), consistent with hydrolysis by endo/lysosomal hydrolases (PPT1
thioesterase or cholesterol esterases). Replacing Dap with orn/lys (JB893/894) also
markedly reduced endosomal escape. Replacing Dap with Dab (JB858), increasing the
spacing between the peptide backbone and palmitate by one methylene group in comparison
to JB577, yielded perhaps the most striking result found in this study; QD-JB858 displayed a
distinct membranous morphology in PC12-Adh or COS-1 cell monolayers after a 2 h
incubation period; distinct labeling of membranous processes extending out from the PC-12
cells can be clearly seen (Fig. 5C). Membrane localization was confirmed by confocal
images taken through the cells (Fig. 5D and SI). Interestingly, QD-JB858 conjugates
remained primarily on the membrane for the 48 h growth time used during initial screening,
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without affecting cytoviability, indicating a robust association with the extracellular
membrane that appeared to preclude internalization. We also examined the N- to C-terminus
presentation order of functional modules within JB577 using 3-different rearrangements
(JB859/860/862), with only JB860 demonstrating modest activity. Lastly, we tested the
Chariot/Pep-1 sequence for QD cellular delivery. This positively charged, Trp-rich peptide
forms non-covalent complexes with macromolecules - especially proteins - and is believed
to rapidly deliver them to the cytosol independent of endocytosis.21 For QD attachment, the
Chariot sequence (JB719) was appended with His6 and an intervening Ala/Aib helical linker
distal to the Trp-rich sequence. QD-JB719 uptake was found to be moderate while
endosomal escape was quite low at ~11% (Fig. 5B).

Discussion
The single-most important quality initially desired from all the peptide sequences examined
here continues from our previous work11,32 and is that of facilitating endosomal escape.
Multiple layers of evidence support peptide-facilitated endosomal escape of QDs (and the
other nanomaterials tested here) to the cytosol including: 1-At 48 h post delivery,
fluorescence imaging shows the QD-conjugates are localized throughout the cellular cytosol,
but not the nucleus, in a solid-uniform staining pattern that extends continuously to the cell
periphery, see Figure 1A. 2-The QDs are not colocalized with the punctate endosomal
transferrin marker at this time point, although both were codelivered to the cell together and
were initially colocalized. 3-Confocal microscopic analysis confirms that the QDs are
indeed located within the cytosolic volume and are distinct from the nucleus and endosomes
and are further not membrane associated, see Figure S12. For direct comparison, see Figure
5, Figure S10, and Figure S14 which provide confocal confirmation of QD localization to
the membrane. 4-Endosomal escape of the same parent QD-peptide conjugate has also now
been noted and confirmed in two previous publications.11,32 5-Most importantly, TEM
analysis confirms that JB577-QD conjugates are located as individual nanocrystals
throughout the cellular cytosol even in the cells of complex tissue samples while QDs alone
remain sequestered in vesicles in the same experimental format, see Figure 2. Cumulatively,
this evidence very strongly suggests the QD-peptide conjugates are indeed cytosolic and
indeed we find no evidence to suggest otherwise.

Given the hydrophobic nature of the peptide-appended fatty acids, one important
physiochemical issue that concerned us during all the experiments was that of QD-peptide
colloidal stability and whether the QD-conjugates aggregated. We thus implemented a
functional test of QD-conjugate stability in delivery media prior to cell delivery. This
consisted of a 1 min spin at 2,000 x g and was repeated during the cell delivery and growth
time period at 1, 24, and 48 h. Colloidally unstable QD conjugates aggregate and precipitate
under these conditions. We also imaged the cells following delivery to determine if the QD-
conjugates had aggregated onto the cell surfaces. See SI section entitled “Colloidal stability
testing of QD-peptide conjugates.” These assays revealed that JB833-QD conjugates were
not soluble and that JB876 also adversely affected QD stability, see Supporting Table 1. In
conjunction with this, we also determined the hydrodynamic diameter (HD) and net charge
of the bare QDs and QD-JB577 conjugates in DMEM-HEPES buffer over the 48 hr time-
period, using dynamic light scattering and zeta potential measurements, respectively, see SI.
Bare QDs appear unperturbed and their HD does not change significantly during this time-
period: 11.5 ± 2.2 nm at 2 hr, 12.3 ± 2.3 nm at 24 hr, 13.5 ± 2.4 nm at 48 hr. We do note an
increase in QD-JB577 HD over the same time frame: 29.3 ± 11.2 nm for 2 hr, 43.3 ± 19.0
nm for 24 hr, 57.2 ± 17.4 nm for 48 hr. The larger initial HD is expected for this conjugate
due to the hydrophobicity and complex solvation properties of the peptide in the context of
display around a colloidal nanoparticle. However, in agreement with our assays described
above, no larger peaks were noted in the DLS profile which would be indicative of
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aggregate formation or precipitation. For the latter samples, we attribute the observed
increases in HD over time to QD-peptide conjugate interactions with the many different
constituents present in the buffer. Zeta potential measurements of the bare QDs showed
them to be slightly basic in water, ca. −15, which dropped to ca. −4 to −5 in the buffer. The
QD-JB577 conjugate, was slightly positively charged (+8) as expected in water and close to
neutral in buffer. These values did not change much with time and again the differences
observed between water and buffer are attributed to screening from the many different
constituents present in the latter. Overall, we anticipate that similarly complex interactions
will take place with the QD-peptide bioconjugates within the intracellular environment,
however, this analysis does strongly suggest that aggregates do not form.

These results also shed some light on the overall nature of QD conjugate stability. Prior
bioanalytical studies had suggested that a maximum of ~156 to 268 DHLA-PEG ligands
(PEG 750 with ~15 ethylene oxide repeats) could be attached to the surface of these QDs
depending upon final orientation and packing.27 Assuming a lower value of ~160 ligands,
this means that each QD is essentially held in solution as a colloid by ~2400 ethylene oxide
repeats in a somewhat pH independent manner.26 The parent JB577 peptide is quite
hydrophobic and contains 13 hydrophobic residues plus a fatty acid with just 3 hydrophilic-
K (cationic) residues. When assembling a saturating level of neutral JB833 (no charged
residues) onto the QDs, the resulting JB833-QD conjugates were not soluble in buffer
suggesting the charged-KIKK are indeed contributing to the conjugates colloidal stability in
many cases. Assuming a loading of ~50 peptides/QD,27 this translates into ~150 cationic
charges which further contribute to QD-conjugate colloidal stability. Without the charged
residues present, the hydrophobicity of the peptides (driven by the fatty acids) overcome the
PEGs ability to mediate stability, but addition of a large number of cationic charges can
more than compensate for this. Similar to the nature of many other colloidal systems, this
suggests that a delicate balance between hydrophobicity and hydrophilicity is required to
maintain the fully assembled QD-peptide bioconjugates stable in solution.

Cumulatively, the above results allow us to postulate a preliminary model of essential
properties and key steps by which JB577 mediates endosomal escape of QD-conjugates
(Fig. 6). Early time-point tracking with transferrin co-labeling shows the QD-conjugates and
endosome marker consistently together, indicating cellular uptake is probably by
endocytosis. However, the exact mechanism (i.e. phagocytosis, pinocytosis, receptor-
mediated, clathrin-dependent, etc.) is still undefined.10,29,30 It is also not clear whether
polyvalent QD-conjugates and free monovalent peptide are taken up by the same
mechanism(s). Conjugate-uptake requires the presence of positively charged Lys/Arg
residues, suggesting initial electrostatic interactions with negatively charged cell surface
receptors (i.e. heparan sulfate proteoglycans) at the cell membrane in a putative manner that
is similar to that believed to occur with the TAT peptide.40 Lys, however, appears to be
preferred over Arg for QD escape as JB583 (Lys→Arg) manifested low uptake and
moderate escape. Removing the positively charged residues reduced the percentage of QD
uptake almost 10-fold (JB577 - 92% vs. JB578 - 8%).

All experimental peptides that demonstrated moderate-to-high QD escape efficiency also
had a predicted charge of +3. Increasing charge beyond +5 (i.e., JB588) decreased both
uptake and escape when peptides also displayed a fatty acid. Diminished uptake has been
previously noted for TAT-peptides displaying large numbers of Arg.8 Similarly, the VKIKK
sequence by itself and without a fatty acid (JB579) displayed lower uptake efficiency. Taken
together, these results suggest synergistic contributions between peptide charge and fatty
acid that simultaneously necessitate a functional balancing of charge vs. lipophilicity. Once
membrane-associated, QD-peptide conjugates undergo constitutive endocytosis and are
delivered to the cytosol in endocytic vesicles as indicated by Tf-Cy5 counterstaining.
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Halting endocytosis by incubating cells with QD conjugates at 4°C did not result in any
cellular uptake (data not shown). The process whereby QD-JB577 is taken up by cells and
delivered to the endsosomes is identical as to what QD-TAT (JB434) peptide conjugates
displayed up to this point and it’s also where observed results and putative mechanisms
diverge, as we have previously shown that QD-TAT conjugates remain sequestered in the
endolysosomal system for >3 days following uptake.11

The role of palmitoylation in protein trafficking is complex and beyond the current
scope.15,16,41 That palmitoylation controls membrane association of proteins and is the only
dynamic/reversible post-translational fatty acid modification has relevance to the current
escape process.17 Given the native role of palmitoylation in membrane localization, it’s
probable that some of the palmitoyls appended around the QDs bind the inner membrane
when sequestered into endosomes, which may be further driven by local concentration or
avidity effects. Simulating JB577 orientation on the QD (Fig. 6A) suggests the palmitoyl is
displayed extending far beyond the solubilizing PEG coating, resulting in a QD conjugate
structure concentrically surrounded by a “corona” or “halo” of positive charge and aliphatic
moieties. Supporting avidity effects, examination of JB577 valency (Fig. 1D) revealed that
maximal peptide valency yielded the most effective QD escape. The ratio of peptide per QD
appears to be a more dominant factor than just increasing the concentration of modified
particles exposed to cells. For example, eBioscience NC-conjugate delivery concentration (5
nM) was ~20X lower than the standard 100 nM; this is likely a result of increased
carboxylate density available from the lipid micelle coating which would, in turn, allows for
an increased ratio of peptide displayed on the QD.

As opposed to endosomal escape of non-QD-conjugated peptide (JB728, Figure 1F),
polyvalency is required for cytosolic escape when attached to larger nanoparticle cargoes.
This behavior is consistent with the current understanding of single palmitoyl interactions
with membranes.17,41 A single moiety “jitters” on and off the membrane, while a second
tethering point significantly stabilizes association and decreases off-rates by several hours.
This may contribute to the long residence time in vesicles and the 24–48 h requirement for
maximal cytosolic escape. Increasing the peptides aliphatic content by increasing the lipid
number displayed (e.g. JB895 2X palmitoyl, JB621 2X octanoyl) decreased escape in all
cases. Similar to what was noted for peptide charge vs. escape efficiency above, increased
hydrophobicity appears to be counterproductive suggesting perturbation of a delicate
balance in peptide structure-function. Palmitoyl groups are not exclusively required for
endosomal escape as functional analogs displaying hydrophobic groups with strong
membrane insertion propensity such as octanoyl (JB641), fluorocarbon (JB729), cholesterol
(SI-09160), and farnesyl (JB872) groups all demonstrated high escape efficiencies. A non-
hydrolyzable linkage between the fatty acid and the peptide is, however, critical as JB589
which contains a palmitoyl attached via thioester displayed poor uptake-escape properties.
These are presumably susceptible to hydrolysis or esterases resident in the endolysosomal
system which remove the fatty acid before some critical step(s). Overall, these studies
suggest that the hydrophobic domain must remain intimately associated with the peptide
backbone, mimicking the natural post-translational modification of palmitoylated K-Ras.

How the QD-conjugates traverse the vesicular membrane and escape to the cytosol remains
unknown although several mechanisms are possible (Fig. 6B). It is unclear if the multiple
palmitoyl groups displayed around each QD mediate membrane translocation or
reorientation, if they form channel-like structures in the membrane that allow QDs to exit, if
they completely disrupt the endosomes they are within or alternatively, allow them to
become selectively “leaky.” This process, however, requires time (24–48 h), is minimally
cytotoxic -indicating endosomes are not compromised, and the peptide remains attached to
the QD throughout. The time factor suggests that concurrent acidification expected within
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the endosomes may be necessary for efficient escape.29,30 Indeed, this aspect was
incorporated into Brinker’s recently designed nanoparticle-supported lipid bilayers which
targeted delivery of multiple cargoes to cancer cells.42 There, acidification protonated a
fusogenic peptide sequence displaying His residues and contributed to release by initiating
osmotic swelling and destabilizing endosomal membranes via a “proton-sponge”
mechanism. Such pH-dependent His-effects have not been seen with our peptides over time,
almost all of which remain tightly attached to the QDs by Zn(II) coordination of the His6
even within acidifying endosomes.11 Torchilin also relied on similar pH changes to enhance
targeted intracellular delivery of liposomal preparations.43

The Pro9 helix appears to provide critical rigidity/spacing as designed. It was originally
inserted as a rigid linker that would present the (DapPal)VKIKK segment away from the QD
surface extending out beyond the surrounding PEG layer, the latter of which may itself
contribute to keeping the peptide from wrapping around the QD surface.44,45 This
presentation would allow cell membranes and their resident receptors to interact with both
the charged residues and the palmitoyl (Fig. 6). Supporting this, only peptides displaying an
equivalent (JB747-Aib9) or greater number of rigid-spacer residues yielded any significant
escape with JB864 (Pro15) even providing for better efficiency. The structural simulation
along with the JB747-Aib9 results suggest the Pro9 contributes minimal to no CPP-like
properties in this context.20

The simulation in conjunction with a cumulative examination of the above results again
suggests that a delicate balance has to be maintained in the QD-conjugate between Palm
presence and the number of charged residues on the peptide along with their location in the
overall hybrid structure. This balance functions to provide both colloidal stability and
endosomal escape. Consider that the QD-TAT (JB434) construct displays 9-charged Arg
residues but does not achieve endosomal escape. Indeed as pointed out in the introduction,
almost all TAT functionalized cellular deliveries remain endosomally sequestered. QD-
JB833 (neutral) is not colloidally stable while QD-JB895 (2 x VKIKK - displays twice the
number of charged residues as JB577) also does not allow for efficient endosomal escape.
Only QD-JB577 and structurally similar analogs with minimized charge and fatty acid
presence provides for efficient QD endosomal escape. This suggests that, beyond the initial
interaction at the cell membrane, the charged moieties on the QD conjugate interact with
some target(s) in the endosomes – but this interaction cannot be too strong and the conjugate
also requires a fatty acid for ultimate escape from the endosome to the cytosol. In
conjunction with this, the order of motif presentation appears important, but not critical, as
some peptide sequence rearrangements (JB860, JB869), replacements of Lys with Arg
(JB588), and use of peptide analogs assembled by stepwise chemoselective ligation (JB829-
JB26) appear to work with the same level of efficiency. As long as key components or
overall physiochemical characteristics are maintained, similar activity can be provided
without adherence to a precise order or strict proximity between motifs. The unexpectedly
robust JB858 plasma membrane-targeting highlights the complexity of this peptide’s
structure-function relationship. This peptide differs from JB577 by only a single methylene
group (Dap->Dab, see Fig. S2), suggesting that exact presentation of the lipid-peptide
portion of the conjugate to the membrane may be especially critical here. That this QD
conjugate does not enter the endocytic system and remains membrane associated strongly
argues for direct interaction(s) with some component(s) of the membrane.15,16,41 Membrane
localization also appears to be unique to the QD-conjugate as dye-labeled JB858 appears to
undergo some endocytosis into cells, see SI.

To provide more insight into peptide mechanics while highlighting labeling utility, we tested
if multiple cargos displaying different peptide variants could be co-delivered to cells in a
staggered or combined manner (Figure 7). These studies suggested that endosomal escape is
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specific to individual nanoparticles based on their unique peptidyl display and does not
proceed through global disruption of endocytic compartments. For this, green 550 QD-
JB577 conjugates were first delivered using a 72 h incubation, followed by 1 h cell exposure
of red 625 QDs-JB434 (Arg9) conjugates prior to fixing (Fig. 7A, top). In the second, both
conjugates were delivered simultaneously for 72 h incubation (Fig. 7A, middle). Conjugates
were colocalized in endosomes during the first hours when coincubated (data not shown),
however, both regimes yielded 550 nm QDs that were completely dispersed throughout the
cytosol while 625 nm QDs remained sequestered within vesicles. That both QD species did
not adopt a dispersed, cytosolic morphology supports a mechanism whereby QD-loaded
endosomes remain largely intact while their membranes become “leaky” in a localized
manner, presumably by insertion of multiple palmitoyls. This allows 550 QD-JB577
(present at 5x higher concentration in this experiment due to the 3-fold higher 625 nm QD
quantum yield) to reach the cytosol while 625 QD-JB434 remained sequestered within the
vesicles. Related to the hypothesis of a “leaky” and selective escape, we initially tested
whether our short or “acute” cell-delivery protocol (~100 nM conjugate/1–2 h cell exposure)
contributes significantly to both escape efficiency by a similar process and the remarkable
overall lack of toxicity. This regime presumably labels a small cross-section of endosomes
without compromising the entire endolysosomal system. As opposed to selective leakage or
escape of QDs into the cytosol, a complete undermining of endocytic integrity coupled with
a gross release of hydrolytic enzymes would manifest as a significant decrease in cellular
viability due to autophagy. Testing of continuous 48 h exposure of select conjugates to
COS-1 cells did not significantly decrease cellular viability (97±6%/87±7% and 97±1%/
97±2% for JB577- and JB858-QD conjugates/peptide alone, respectively), supporting the
notion that the endosomal system is not compromised.

The above conclusions also led us to evaluate other types of dual-labeling utility. In one
embodiment, 550 QD-JB577 were used in conjunction with 625 QD-JB858 conjugates to
simultaneously label both the cytosol and plasma membrane (Fig. 7A bottom). To verify that
QD-lipopeptide conjugates could facilitate cytosolic delivery of an additional cargo on the
same NP, 550 QDs bearing both a hydrazone conjugated WGDapPalVKIKK (JB829-JB26)
and an AlexaFluor 594-labeled control peptide (JB780) were delivered to A549 cells (Fig.
7B). Analysis by FRET microscopy again confirmed that these QD-peptide assemblies
remained intact within the cytosol over the 3 day culture period and suggested the possibility
of conducting intracellular FRET-based sensing with peptide-delivered QD constructs while
circumventing reliance on transfection reagents (toxicity) or microinjection (manual,
limiting) for delivery. In a last mixed-labeling demonstration, 550 nm QD-JB858 was
localized to the membrane of PC12-Adh cells where they were shown to function as potent
sensitizers of proximal membrane dyes, see Fig. 7C. and the SI for another example. In this
configuration, rapid photobleaching from direct dye excitation was significantly mitigated
with almost no donor spectral leakage into the acceptor channel (Fig. 7D).

Conclusions
Although elegant physical methods for delivering QDs to the cellular cytosol have been
recently developed,46 the ability to deliver itself, small and large proteins, other QD types,
AuNPs and dendrimers to the cellular cytosol in a non-toxic manner suggests that JB577,
and several of the other functional peptide analogues described here (JB864, JB872), have
much to offer for cellular labeling, drug delivery and theranostic applications where efficient
uptake and endosomal escape are both required. Our SAR analysis allowed us to define the
key elements within the peptide sequences which must be conserved for cytosolic delivery
applications with other (nano)materials. To the best of our knowledge, this is one of the first
SAR-type analyses carried out in the context of nanoparticle delivery into cells and suggests
that this type of approach may have much to offer for designer bionanotechnology. Further
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combinatorial and intuitive SAR studies may allow for selection of even more efficient
peptides or those displaying other unexpected or designer properties. We note a functional
similarity between our sequences and some CPP modifications used to get nucleic acids to
escape to the cytosol or to enhance endosomal escape/fusogenic properties.1,7 Principal
amongst these are selective lipidation, for example, stearylating CPPs helped improve their
DNA delivery capabilities.7 However, the ability to deliver as wide a range of materials to
the cellular cytosol in a variety of cell-lines and tissues and in a relatively non-toxic manner
as demonstrated here is currently unknown in any single peptidyl entity. The unexpected
discovery of a distinct lipopeptide (JB858) with the ability to localize nanoparticles to the
cellular membrane may be beneficial for multicolor labeling as demonstrated here. These
results also suggest that highly modular peptides expressing several motifs, each capable of
providing a different desired function at different points during the process of cellular
uptake, may be an alternative design strategy for creating next generation nanoparticle-CPP
composites. We realize that there is still much to learn about how these peptides function
within the cellular environment. Biochemical assays between relevant proteins and select
peptide-conjugates along with evaluation using cells deficient in key endocytic/fatty acid-
modification steps are currently in planning. This should not, however, preclude application
of the key functional peptide components described here to facilitate cellular uptake and,
more importantly, non-toxic endosomal escape of diverse cargos at the growing materials-
cellular interface.47

Materials and Methods
Materials

Human transferrin, Nissl stain, phosphate buffered saline (PBS, 137 mM NaCl, 10 mM
phosphate, 3 mM KCl, pH 7.4) and paraformaldehyde were purchased from Sigma (St.
Louis, MO). Cy5-succinimidyl ester and PD-10 desalting columns were obtained from GE
Healthcare (Piscataway, NJ). Tetramethyl-6-carboxyrhodamine (TAMRA) NHS ester,
Alexa Fluor 594-maleimide, b-phycoerythrin, and cell culture grade PBS were purchased
from Life Technologies (Carlsbad, CA). All other materials were obtained as noted in the
text. Lissamine™ rhodamineB 1,2-dihexadecanoyl-glycero-3-phosphoethanolamine,
triethylammonium salt (referred to herein as Rhod-PE) and 4,4-difluoro-5-(2-thienyl)-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY® 558/568 C12, referred to as
BODIPY dodecanoic acid) were products of Invitrogen (Eugene, OR).

QDs and capping ligands
CdSe-ZnS core-shell QDs with emission maxima centered at 550 and 625 nm were
synthesized and made hydrophilic by exchanging the native trioctylphosphine/
trioctylphosphine oxide (TOP/TOPO) or hydrophobic capping shell with polyethylene
glycol MW 750 (average MW 750 Da; PEG750)-appended dihydrolipoic acid (DHLA)
ligands terminating in methoxy groups as described previously.26,50,51 In some cases, QDs
were capped with the zwitterionic capping ligand, CL4.26 The absorption and emission
spectra of the QDs and the structures of the capping ligands used in this study are shown in
Supporting Figure 1. 605 nm emitting nanocrystals (NCs,) capped with a carboxylated
DSPE-PEG lipid coating (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy(polyethylene glycol)-2000], HD~35 nm) were obtained from eBioscience, San
Diego, CA.33

Conjugation of peptides to various proteins and nanoparticles
JB588 was conjugated to various NPs (QDs, proteins, gold NPs, dendrimers) to demonstrate
the ability of the peptide to mediate the cytosolic delivery of a range of disparate NP
materials. Conjugation to maltose binding protein, b-phycoerythrin and carboxy-DSPE-PEG
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605 nm emitting nanocrystals from eBioscience was as described using standard
carbodiimide chemistry.26,34,52

Conjugation to gold nanoparticles
Gold nanoparticles (AuNPs, 8.2 nm diameter) were synthesized as described previously.53

Briefly, a stock solution of tetrachloroauric (III) acid (HAuCl4·3H2O) was incubated with
the desired molar concentration of PEG-modified thioctic acid ligands terminating in
carboxy functional groups (TA-PEG600-COOH). AuNP size was controlled by varying the
amount of the ligands used and AuNP dispersions were characterized using UV-vis
spectroscopy, TEM and DLS. The COOH termini on the ligands served as a target site for
EDC-mediated conjugation to the JB588 peptide bearing a terminal primary amine. AuNPs
were reacted with JB588 peptide at peptide:surface ligand ratios of ~2.5:1 (corresponding to
peptide:AuNP ratios of ~400:1). AuNPs and JB588 peptide were reacted in a 1 mL volume
of PBS containing 150 mM EDC and 7.5 mM sulfo-NHS. AuNP-peptide conjugates were
purified by using a PD-10 desalting column, concentrated using membrane filtration and
stored at 4°C until use.

Cell culture and QD-peptide delivery
Cell culture—Cell lines were purchased from ATCC (Manassas, VA) and cultured at 37°C
in a humidified atmosphere containing 95% air/5% CO2. HEK 293T/17, COS-1, HeLa and
A549 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, purchased from
ATCC) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (ATCC) and 1%
antibiotic/antimycotic (Sigma). PC12-Adh cells (an adherent variant of the parent PC12 cell
line) were cultured in F-12K medium supplemented with 2.5% (v/v) heat-inactivated fetal
bovine serum, 12.5% (v/v) horse serum (ATCC) and 1% (v/v) antibiotic/antimycotic. Cells
were cultured in T25 flasks and a subculture was performed every 3–4 days. All cells were
used between passages 3 and 13. Primary dermal fibroblasts were purchased from ZenBio,
Inc (Research Triangle Park, NC) and were cultured in DMEM containing 10% (v/v) heat-
inactivated fetal bovine serum and 1% antibiotic/antimycotic.

QD-peptide delivery—QD-peptide bioconjugates were generated by first diluting the
appropriate amount of peptide into DMEM containing 25 mM HEPES (DMEM-HEPES)
QDs were then added to their final concentration (typically 80–150 nM unless otherwise
noted). The mixture was incubated at 25°C for 20–30 min to allow histidine-mediated
peptide-QD self-assembly. Deliveries were performed on adherent cells seeded into the
wells of Lab-Tek 8-well chambered #1 borosilicate coverglass (Nalge Nunc, Rochester, NY)
that were coated with fibronectin (5–10 µg/mL). QD-peptide bioconjugates were incubated
on cell monolayers at 37°C for 1 to 3 h as indicated. We seeded 5 × 103 cells per well in the
experimental dishes, this typically gives ~1–1.5 × 104/well after 48 h of growth under
normal conditions. In most cases, endosomes were simultaneously counter-labeled by the
inclusion of a transferrin-Cy5 (Tf-Cy5) conjugate (50 µg/mL). After this incubation, the
cells were washed with DMEM-HEPES, complete cell growth medium was added and the
cells were returned to the incubator and cultured for 48 or 72 h as noted in the text. Prior to
imaging, the cells were washed with PBS, fixed with 3.7% paraformaldehyde in PBS (20
min) and nuclei were stained with 1 µg/ml DAPI (Sigma) for 10 minutes, unless noted
otherwise in the text. Imaging and analysis was performed as described in the SI.

Cellular delivery of dye-labeled cell-penetrating peptides—To determine the
ability of CPP and the palmitoyl peptides to mediate their own cellular uptake in the absence
of QD cargo, 1µM of lissamine rhodamine B sulfonyl chloride-labeled CPP or Palm (JB722
and JB728, respectively) were delivered to COS-1 cell monolayers for 2 h in DMEM-
HEPES buffer. Media was replaced with complete cell media and cells were allowed to
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proliferate for 48 hours and imaged with a TexasRed filter cube. Endosomes were labeled by
the inclusion of a Tf-Cy5 conjugate (50 µg/mL), imaged with a Cy5 filer set. Uptake and
escape were calculated for QD/peptide conjugate deliveries as described.

Imaging, image analysis and quantification of QD uptake and endosomal
escape—Cells from each QD-peptide delivery were imaged (see SI for microscopy
methods), classified and ranked by their QD uptake and endosomal escape efficiency using
the semi-quantitative ranking criteria described for Fig. above. This tabulation is a
mechanism by which delivery efficacy can be compared and semi-quantitatively
communicated in total. Peptides with >30% of cells with low, moderate or high QD uptake
and/or >30% of cells with moderate or high endosomal escape were considered successful
and are shaded in Table 1. Peptides with <30% of cells with these designations were
considered unsuccessful. Representative images from these peptide deliveries are shown in
Supporting Figure S5. The endosomal escape of JB577 peptide-delivered QDs was also
confirmed by confocal microscopy (z-stack imaging, see SI). Live cell imaging was also
performed to confirm that the intracellular fate of JB577 peptide-QD complexes was not
attributable to cellular fixation protocols as has been reported previously for some cell-
penetrating peptide-delivered cargos (see SI).31

Co-labeling of plasma membrane with QD-peptides and membrane-labeling
dyes—The ability of peptide-QD bioconjugates delivered specifically to the plasma
membrane to engage in FRET with membrane-labeling fluorophores was assessed in PC12-
Adh cells. The plasma membrane was first labeled with QD-peptide conjugates (550 nm
QDs appended with JB858 peptides) by incubating cell monolayers with the conjugates for 1
h at 37°C. The cells were subsequently washed once with PBS and then incubated with
either 10 µM Lissamine™ rhodamine B 1,2-dihexa-decanoyl-sn-glycero-3-
phosphoethanolamine (Rhod-PE, Invitrogen; ex. 560 nm/em. 580 nm) or 5 µM 4,4-
difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (Dodecane
BODIPY, Invitrogen; ex. 558 nm/em. 568 nm) in DMEM-HEPES for 20 min at room
temperature. The cells were then washed once with PBS and fixed prior to imaging. Imaging
of the QD-sensitized Rhod-PE dye was done using the filter configuration described in
Table S3. To demonstrate the photostability of the QDs and how their FRET excitation of
Rhod-PE acceptors circumvents dye photobleaching, experiments were conducted wherein
the membranes of PC-12-Adh cells were co-labeled with both the QDs and Rhod-PE dyes.
Over a time course of 70 s of constant UV illumination, we quantified the fluorescence
intensity of the QD and dye when each species was excited directly. We also quantified the
fluorescence intensity of the dye when excited in a FRET configuration with the QD as
donor. Control images for showing no leakage of donor and acceptor into opposite channels
are shown in Supporting Fig. S6b.

Peptide-mediated delivery and imaging of various nanoparticle materials—
JB-588 peptide (JB-577 equivalent bearing a terminal lysine) was covalently conjugated to
dye-labeled maltose-binding protein (MBP), β-phycoerythrin (β–PE), dye-labeled G5
PAMAM dendrimer and 8.2 nm colloidal gold NPs (AuNPs). The conjugates were diluted
into DMEM containing 25 mM HEPES and incubated with COS-1 cell monolayers at 37°C
for 2h, removed, the cells cultured for 48 h followed by fixation as described previously.
Cells labeled with AuNPs were silver stained for ~5 min using a silver staining enhancer kit
(Sigma). The MBP, β-PE and dendrimer samples were imaged using a Texas Red filter set.
AuNP samples were imaged as described in the SI.

Delivery of QDs to developing chick embryo and rat hippocampal slices—
Fertilized chicken eggs were incubated at 37.9 °C and 60% humidity in a Midwest incubator
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for three days. Eggs were then placed on their sides for at least 30 min before opening. An
aliquot (3 µL) of albumin was removed with a syringe from a small hole at the blunt end of
the egg. Chick embryos at embryonic day 3 (E3) were injected in the lumbar region of the
developing spinal cord using a glass capillary needle with 3 µL of 625 nm QDs (100 nM)
assembled with 25 JB-577 peptides. The chicken embryos are made directly accessible by
cutting a window in the eggshell and carefully removing the extra-embryonic membranes
covering the embryo, using forceps and spring scissors. Injection of a mixture of QD and
methyl green (10:1) into the central canal of the spinal cord was performed with a glass
capillary needle into the portion displayed by windowing. The maximum injection volume
(around 3 ul) was achieved when the dye had reached the brain vesicle. After retraction of
the capillary, the window in the eggshell was resealed with tape. Embryos were allowed to
continue growing and developing for three-more days where the QDs are seen along the
spinal cord and translocated through the vasculature to ventricles, cerebellum and other
developing brain structures (see Supporting Figure S8). Embryos were then fixed and
stained with DAPI (nuclei) and with an aniline stain for Nissl bodies/granules (neurons).
The QD distribution was visualized with 40x confocal imaging (see microscopy details in
the SI). QD delivery to rat hippocampal slices was as described.32 The TEM staining
protocol is provided in the SI. Experiments were all IRB approved and met all institutional
animal handling requirements where necessary.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of JB577-mediated QD delivery
(A) COS-1 cells were co-incubated with 100 nM 550 nm QDs and 300 nM Cy5-transferrin.
QDs were assembled with either 75 JB577 peptides (top) or 30 JB434 peptides/QD
(bottom). The latter ratio is used as it is more than adequate for efficient delivery and
increasing to 75 does not alter delivery outcome.11, 48 Note PEGylated QDs were utilized
throughout unless indicated. (B) COS-1 cells were incubated for 1 h with 550 nm QDs (125
nM) assembled with 75 JB577 peptides/QD. After QD removal and washing, cells were
cultured for the times indicated. (C) A549 cells, assembled with the number of JB577
peptides indicated, were incubated for 1 h with 550 nm QDs (100 nM). (D) COS-1 cells
labeled with 1µM rhodamine-labeled JB728 peptide (top) or 1 µM rhodamine-labeled
JB722-Arg10 cell-penetrating peptide (bottom). False coloring is used here to discriminate
between rhodamine and Transferrin-Cy5 fluorescence. For subsequent data, QD-peptides
were incubated on cells for 2 h unless otherwise stated. After QD removal and washing,
cells were cultured for 48 h prior to fixation and examination. Size bar = 50 µm. Quantum
yield of 550 nm QDs ~20% and 625 nm QDs ~60%
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Figure 2. TEM images of QDs in rat hippocampal slice cultures
625 nm QDs surface functionalized with CL4 were incubated with rat hippocampal slices in
culture for 24 h following which samples were prepared and examined using TEM analysis
as described.32 (A) Representative TEM images for samples exposed to QDs assembled
with JB577. The arrows highlight the presence of individual nanocrystals against the cellular
background. (B) Representative TEM images for samples exposed to QDs alone. The arrows
in this image series highlight the presence of QDs agglomerated and sequestered in what
appear to be vesicles or endosomes. An annotated version of this image can be found in the
SI with some of the cellular components of the micrographs identified along with a
representative blank control image
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Figure 3. JB577-mediated QD delivery to various cell-lines and tissues
(A) PC12, HeLa, HEK and primary human dermal fibroblast cells were incubated for 2 h
with 550 nm QDs (100 nM) assembled with JB577 peptide-QD conjugates as described.
Images show cells upon fixation after 48 h in culture. (B) Chick embryos (embryonic day 3)
were injected in the lumbar region of the developing spinal column with 625 nm QDs (100
nM) assembled with JB577-QD (25:1) and cultured for 3 more days. Following washing,
embryos were fixed and imaged. Left-to-right: image of the developing chick spinal cord
showing distribution of injected QDs at day E5 (two days post-injection) and normal
morphology, then collapsed (total projection) confocal images highlighting DAPI (nuclei),
Nissl (extranuclear RNA), and QD staining along with a merged image. Size bar = 50 µm
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Figure 4. JB577-mediated cytosolic delivery of disparate protein and nanoparticle materials
JB588 peptide EDC-conjugated to (A) eBioscience 605NC (5 nM),33 (B) Texas Red-labeled
maltose binding protein (200 nM), (C) B-phycoerythrin (5 nM),54 (D)
Tetramethylrhodamine isothiocyanate-(TRITC) labeled G5-PAMAM dendrimer (50 nM)
and (E) 8.2 nm gold NPs (100 nM, silver stained) and delivered to COS-1 cells as described.
All show cytosolic dispersal. Gold NPs localized in what appear to be perinuclear spaces as
indicated by the arrow (under Silver stain / merge). See right column of images where a
control CPP- (JB586-TAT, Arg7) conjugate of each species consistently showed NP
sequestration within endosomes or alternatively lack of uptake for the gold NPs (arrow
under Silver stain indicates AuNPs located at the cell periphery). HIS is hyperspectral
imaging which combines simultaneous dark field and fluorescence imaging.36 In all cases,
NP materials were incubated with cells for 1–2 h, washed and cells cultured for 48 h prior to
fixation. Magnification: 60x (b, c); 100x (a, d, e). Size bar = 50 µm except for HSI which is
100 µm
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Figure 5. Quantification of QD uptake mediated by JB577 peptide variants
(A) Representative images from the semi-quantitative scoring system for uptake of 550 nm
QDs (100 nM QD bearing 75 peptides/QD) and endosomal escape in COS-1 cells. Peptide-
QDs were incubated with cells for 2 h, removed and cells cultured for 48 h prior to fixation.
(B) Peptide variants with uptake/escape activities comparable to JB577 including: JB865
(Pro9→ Pro12), JB869 (VKIKKP9→amphipathic-[VRLP3]3), JB729 (Palmitoyl→C8F17),
SI-09160 (Palmitoyl→ cholesterol), JB872 (Palmitoyl→ farnesyl). JB719 (Chariot peptide)
was used as a comparative control peptide. QDs and delivery conditions are as in (a). (C)
JB858 directs QD localization to the plasma membrane. PC12-Adh and COS-1 cells were
incubated for 1 h with 550 nm QDs (150 nM) assembled with JB858 peptides/QD followed
by washing and fixation. (D) Representative confocal micrographs collected at the indicated
sectional height through the COS-1 cells from panel (C). Note the imaging and staining at
the 7.5 µm height section corresponding to the cells upper membranes. Size bar = 50 µm.
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Figure 6. Model of JB577-mediated cytosolic escape of QDs
(A) Simulation of JB577 structure on 550 nm emitting QDs. The 550 nm QD core/shell
diameter (~56Å) and the extension of the PEG ligand on the QD surface (~30Å) were
derived in refs.26,43 The His6 sequence (light blue) is assumed to be in contact with the QD
surface and does not contribute to lateral extension. This is followed by the Gly2 flexible
linker (grey) and the Pro9 motif (pink) forms a rigid type II helix. The QD-assembled
conformation and extension of the His6Gly2Pro9 portion has been previously confirmed with
FRET.44, 45, 49 The VKIKK sequence is then depicted in grey outside the PEG layer along
with the palmitoyl (orange) suggesting that both are available for interactions with the cell
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membrane. See also SI. (B) Schematic depicting putative steps in the endocytic uptake of
QD-JB577 conjugates. Initial interactions are mediated by the positively charged Lys
residues and negatively-charged heparan proteoglycan sulfates. Following endosomal
formation, the palmitoyls surrounding the QDs penetrate the vesicular membrane. During
the next 24–48 h, the QD-peptido-conjugates escape the endosomes in a relatively non-toxic
manner and some potential mechanisms are suggested
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Figure 7. Combinatorial QD-peptide cellular labeling and improved membrane visualization by
sensitization
(A) Combinatorial labeling. COS-1 cells labeled with 100 nM 550 nm QDs (75-JB577
peptides/QD; cytosol) and 2 nM 625 nm QDs (20 JB434 peptides/QD; endosomes) by either
sequential (top row) or simultaneous incubation (middle row) of the QD-peptide conjugates.
Sequential delivery consisted of initial 2 h incubation with QD-JB577 complexes, 72 h cell
culture followed by 1 h incubation with QD-JB434 assemblies. For simultaneous incubation,
both QD-peptide complexes were incubated on cells for 2 h, removed and cells cultured for
72 h followed by fixation and DAPI-staining. (Bottom row) Sequential labeling of cytosol
and plasma membrane of A549 cells with 150 nM 550 nm QDs (75 JB577 peptides/QD,
cytosol) and 10 nM 625 nm QDs (75 JB858 peptides/QD, membrane). QD-JB577
assemblies were incubated for 3 h, removed and cells cultured 72 h followed by 1 h
incubation with QD-JB858 conjugates prior to fixation. Lower 625 nm QD concentrations
are used due to the 3-fold higher Q.Y. (B) Cytosolic QD-peptide cargo delivery and
stability. A549 cells were labeled with 550 nm QDs (100 nM) assembled with peptides
JB829-26 (75/QD) and AlexaFluor (AF) 594-labeled JB780 (16/QD). QD-peptides were
incubated on cells for 3 h followed by 72 h culture period prior to fixation. AF594 is FRET
sensitized from direct excitation of the 550 nm QD donor (Förster distance/R0 ~3.7 nm). (C)
Plasma membrane of PC12-Adh cells were labeled sequentially with 125 nM 550 nm QD-
JB858 conjugates (1 h incubation) followed by 20 min incubation with 10 µM Lissamine
Rhodamine B phosphoethanolamine (Rhod-PE). The dye-FRET panel shows sensitization of
the dye by the QD donor (R0 ~5.2 nm). (D) Comparison of the photostability of membrane
resident QDs, Lissamine Rhodamine B phosphoethanolamine, and the QD-Rhodamine bi-
labeled cells. Sensitization circumvents direct dye photobleaching. Full experimental details
are given in the SI. Size bar = 50 µm
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Table 1

Peptides used in this study. Prominent peptides are shown shaded

a - palmitoyl (non hydrolyzable); aa* - two palmitoyl attached to same Dap; b - palmitoyl attached to Cys (hydrolyzable); c - C8 octanoyl attached

to Dap; c* - C8 octanoyl attached to Trp; d - heptadecafluoroundecanoic acid (C8F17); e - cholesterol; e*- cholesterol attached to Cys; f - farnesyl;

g - lissamine rhodamine B attached to Lys or g* - to N-terminal amine; h – TAMRA attached to Lys; i -Alexa Fluor 594 attached to Cys-thiol. Aib
= α-amino isobutyric acid; Dab = diaminobutyric acid; Dap = diaminopropionic acid; Om = ornithine; HYNIC – hydrazinonicotinoyl; 4FB – 4-
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formylbenzoyl. Note, we utilize JB577 and JB829-JB26 as functionally interchangeable; the latter is a slightly longer JB577 analog assembled
from chemoselective ligation of two-smaller peptides. Relevant structures provided in SI. All peptides N-terminal acetylated/C-terminal amidated
except JB719,JB722.
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