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ABSTRACT: Research over the past decade has identified
several of the key limiting features of multidrug resistance
(MDR) in cancer therapy applications, such as evolving
glycoprotein receptors at the surface of the cell that limit
therapeutic uptake, metabolic changes that lead to protection
from multidrug resistant mediators which enhance degradation
or efflux of therapeutics, and difficulty ensuring retention of
intact and functional drugs once endocytosed. Nanoparticles
have been demonstrated to be effective delivery vehicles for a
plethora of therapeutic agents, and in the case of nucleic acid
based agents, they provide protective advantages. Functionaliz-
ing cell penetrating peptides, also known as protein transduction
domains, onto the surface of fluorescent quantum dots creates a
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labeled delivery package to investigate the nuances and difficulties of drug transport in MDR cancer cells for potential future
clinical applications of diverse nanoparticle-based therapeutic delivery strategies. In this study, eight distinct cell penetrating
peptides were used (CAAKA, HSV1-VP22, HIV-TAT, HIV-gp41, Ku-70, hCT(9-32), integrin-f#3, and K-FGF) to examine the
different cellular uptake profiles in cancer versus drug resistant melanoma (A375 & A375-R), mesothelioma (MSTO & MSTO-
R), and glioma (rat 9L and 9L-R, and human U87 & LN18) cell lines. The results of this study demonstrate that cell
penetrating peptide uptake varies with drug resistance status and cell type, likely due to changes in cell surface markers. This
study provides insight into developing functional nanoplatform delivery systems in drug resistant cancer models.

B INTRODUCTION

Nonviral approaches to overcoming drug resistant pathways
include the use of cell penetrating peptides (CPPs) coupled to
nanoparticles to effectively act as a transfection carrier of
chemotherapeutics." CPPs are derived from small sequence
fragments of the protein transduction domain of viral sheath
proteins or human carrier proteins. Packaging of CPPs onto
the surface of nanoparticles is an important focus area for
packaging of therapeutics into nonviral transfection method-
ologies.”~> When the nanoparticle—loaded with a therapeutic
agent—is combined with a CPP, cellular uptake and delivery of
the therapeutic agent can be enhanced. Nanotherapeutic
delivery agents have also been shown to enhance the
survivability and therefore effectiveness of the delivered nucleic
acid agent due to reduced nuclease activity, continuous agent
release, and pH clamping of the endosomal package.”’

There are reports suggesting that CPPs exhibit selectivity for
different cell types.*~"* Thus, we have hypothesized that CPPs
may also exhibit specificity for chemoresistance in different
cancer cells and have designed an approach to screen CPPs for
nanocarrier uptake of multishelled CdTe@CdSe@CdS@ZnS
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quantum dots (QDs) (Figure 1) and investigate the effective
enhancement of cellular internalization in a series of cancer cell
lines of human melanoma (A375), human mesothelioma
(MSTO), and human (LN18, U87) and rat glioma (9L), along
with drug resistant subclones. QDs are used for this study as
they are ideal optical probes for molecular tracking in cell
uptake studies owing to their brightness and resistance to
photobleaching, and for their comparability to other clinically
relevant, nonemissive, nanomaterials. Although the heavy
metals that comprise QDs and allow for the unique optical
properties -- such as cadmium and tellurium -- are potentially
cytotoxic and therefore not applicable to potential clinical
treatments, the use of a non-therapeutic photoluminescent
multishelled QD (composed of CdTe@CdSe@CdS@ZnS),
allows for quantification of nanopackage cellular uptake
through fluorescence microscopy and provides clinically
transferrable insights. The studied CPPs are appended to the
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Figure 1. (A) Schematic diagram of CdTe@CdSe@CdS@ZnS
multishelled QD showing peptide functionalization with CAAKA
and hCT(9-32). (B) Graphic of QD-CPP cellular uptake, showing
cellular membrane association (i), internalization (ii), and endosomal
entrapment (iii) versus cytosolic distribution (iv).

QD surface via an N-terminal cysteine which allows for
bidentate coordination using the thiol and amine of cysteine to
bind onto the outermost ZnS layer of the QD shell. A biphasic
ligand exchange allows the displacement of the weakly
coordinated organic passivating ligands from the as-synthesized
QDs and replacement by the aqueous CPPs.

The study provides a method that shows promise for
selectively targeting multidrug resistant cancers and could pave
the way for new therapies that increase drug delivery into
tumors, while circumventing drug efflux and other mechanisms
responsible for chemoresistance. Despite improvements in
therapeutic approaches for many types of cancer, the
development of multidrug resistance (MDR) remains a
significant barrier to improving survival time in patients with
many types of aggressive cancers. Developing new potentially
therapeutic strategies for highly aggressive, metastatic cancers
with poor S-year survival rates (melanoma (<20%), meso-
thelioma (<5%), and gliosarcoma (<10%)) is important.'*~*

The results of the study could be translated to clinically
applicable nonviral delivery vectors such as polymer nano-
particles, nanooxides, nanometals, or other nanocarriers.

B RESULTS AND DISCUSSION

The ability of CPP-labeled nanoparticles to utilize endocytotic
pathways and bypass multidrug resistance efflux pumps makes
them an attractive choice for drug delivery.”'”**** Figure 1
shows a schematic of the CPP labeled multishelled QD used to
assess the cellular uptake dependence for drug resistant cells
relative to drug naive cells. The selected protein derived cell
penetrating peptide sequences (Table 1) were selected from
the literature and modified to have a cysteine residue at the N-
terminus for functional attachment to the ZnS surface of the
multishelled QD and to allow for biphasic ligand exchange of
the as-synthesized organic capping ligands, to provide aqueous
solubility. As shown previously, the cysteine strongly
coordinates to the surface through a metal-ligand bond.”*
The multishelled QDs used for the study were prepared by
modified literature protocols for stepwise SILAR shelling
methods.” Detailed characterization of the QD can be found
in the Supporting Information, including TEM, size distribu-
tion, absorbance, and emission profiles for the core of CdTeSe,
the CdS shell, and the final ZnS shell (Supporting Information
Figure SF1).

The general cellular uptake mechanism of CPPs is highly
debated and appears to be sequence and cell-surface specific,
with no verified predictability established in the literature.”***”
The CPPs in Table 1 were chosen to explore the uptake
behavior and selectivity for drug resistant versus chemo-
therapeutic sensitive cancer cell lines for highly charged
peptides using HSV1-VP22 (+6) and HIV-TAT (+9),
compared to the low and neutral charges found in the CPP
sequence for hCT(9-32) (+1), K-EGF (+1), Ku70 (+0),
integrin 83 (+0), and HIV-gp41 (+0).

The CPPs are coloaded onto the QD surface at a 9:1 ratio
with a short synthetic peptide sequence, CAAKA, which acts as
a space-filling peptide to better passivate the QD surface while
maintaining loose packing of the target CPP sequences, due to
the shorter sequence length, and alternating hydrophobic and
hydrophilic characteristics of CAAKA versus the other CPPs of
Table 1.

The looser packing acheived by coloading also allows the
target CPP sequence to have more visibility to the cell,
allowing for better sequence recognition at the cell surface, as
well as reducing the overall surface charge that leads to
insolubility with the highly charged peptides.”® Three of the

Table 1. Table of Selected Cell Penetrating Peptides, Displaying Numerical Designation, CPP Name, Sequence and Length,
Charge and Isoelectric Point (P;) at pH 7.4, Molecular Weight in Daltons, and Percentage of Hydrophobic Residues (L%)“

CPP Sequence & Origin
CAAKA CAAKA L
HSV1-VP22 C*DAATATRGRSAASRPTERPRAPARSASRPRRPVD
HIV-TAT C*YGRKKRRQRRR
HIV-gp41 C*GALFLGWLGAAGSTMGA +
Ku-70 C*PMLKE %
hCT(9-32) C*LGTYTQDFNKFHTFPQTAIGVGAP i
integrin 83 C*VTVLALGALAGVGVG *
K-FGF C*AAVALLPAVLLAHLLAP #

Length Charge at pH 7.4 Pi MW, Da L%
N +1 8.97 462.60 75

35 +6 12.3 3748.17 40
12 +8 124 1663.00 0
18 +0 5.33 1682.99 56

6 +0 6.28 719.90 60

2S5 +1 7.1 2714.08 40
16 +0 5.33 1399.71 63
18 +1 7.15 4533.06 94

“CPP origin is denoted by L for synthetic, T for viral proteins, and ¥ for nonviral proteins. * denotes cysteine mutation, not present in the original

sequence.
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selected peptides in Table 1, HSV1-VP22, HIV-TAT, and
HIV-gp41 (Table 1), are derived from segments of viral
proteins that have an added cysteine mutation at the N-
terminus. HSV1-VP22 is a truncation of the tegument protein,
viral protein 22 (VP22) found in herpes simplex virus (HSV-
1).°7** HIV-TAT and HIV-gp41 are derived from subunits of
viral capsid proteins of the human immunodeficiency virus
type-1 (HIV-1). HIV-TAT is a fragment of the transactivator
of transcription (TAT) protein, and HIV-gp41 is derived from
the HIV glycoprotein 41 (gp-41).””*> These three viral
peptides have successfully been utilized to transport cargo
across the cell membrane in various cell lines.”"™>" Although
the exact mechanism of internalization for these viral CPPs is
still contested, it is thought that the peptides enter through one
of the mechanisms of endocytosis.” The remaining CPPs are
cysteine modified peptide fragments from proteins identified
from the literature, known to induce cellular uptake. Ku-70 is
derived from the Bax-binding domain of the protein Ku-70,
which acts in DNA repair inside the nucleus.”’ The excised Ku-
70 peptide sequence is also known as a Bax-inhibiting peptide
(Bip) and has demonstrated low toxicity in cells, but the
internalization mechanism is also undetermined.*' hCT(9-32)
is derived from the C-terminal fragment of the human
calcitonin protein hormone and is also thought to internalize
through a mechanism of endocytosis; however, it is suggested
that high concentrations are needed to facilitate membrane
disruption.””~** The CPPs integrin $3 and K-FGF are both
derived from fragments of signal sequences of proteins. The
integrin 3 peptide sequence originates from the hydrophobic
region of the signal sequence of human integrin /33 protein.*
Similarly, the K-FGF peptide sequence originates from the
signal sequences of fibroblast growth factor found in Kaposi’s
sarcoma cells.*”*” Integrin 43 and K-FGF peptide sequences
have been observed to enter cells by means of endocytosis, but
it is believed that direct translocation across the membrane
may also be possible for such highly hydrophobic mole-
cules.** !

The CPPs are exchanged onto the QD surface by
displacement of the initial trioctylphosphine (TOP) passiva-
tion layer on the organically soluble multishelled QD using a
biphasic exchange process (Figure 2). The selected CPPs were
coupled to the QD surface at a loading ratio of 9:1 CAAKA to
CPP-X. CAAKA is used as a synthetic spacer peptide to allow
for the longer CPPs to avoid tightly packing on the QD
surface, as this may hinder sequence recognition by the target
cells. A molar excess of 1000:1 peptide to QD was used to
drive the aqueous transfer of the previously organically soluble
QDs. The peptide loading levels for the studied CPPs are
believed to be the same within statistical error, although direct
quantitative confirmation of the CPP ratio loading levels on
the QDs was not directly measured. Although the presence of
peptides was detected in NMR, IR, and MS (data not shown),
attempts to quantitatively extract the CPP loading levels led to
nonquantitative results due to low material quantities and
difficulty in ensuring complete CPP cleavage from the QD
surface. Additionally, differences in ionizability of the peptides
were found to hinder quantification of peptide concentrations
by ESI-MS, providing nonlinear calibration curves of
concentration to signal intensity (data not shown).

In a typical biphasic exchange, the QD, dissolved in
trichloroethylene (TCE), was observed to transfer to the
upper aqueous, peptide-containing layer within 1 h. By
increasing the alkalinity of the aqueous phase (pH > 8.0,

3275

Aqueous

Organic

L ——

Water

i

iv

o

——HSV1-VP22
——HIV-TAT
——HIV-gp41l
——Ku-70
hCT(9-32)
Integrin B3
\ —K-FGF

\

750

0.5

Normalized Absorbance (a.u.) O
Normalized Intensity (a.u.)

550

650
Wavelength (nm)

500
Wavelength (nm)

700

Figure 2. Passivation of the CdTe@CdSe@CdS@ZnS multishelled
QDs biofunctionalized with cell penetrating peptides CAAKA, HSV1-
VP22, HIV-TAT, HIV-gp41, Ku-70, hCT(9-32), integrin 3, and K-
FGF. Schematic (A) depicts exchange of organic ligands, TOP and
TDPA, for 10% CPP-X and 90% CAAKA. Image (B) displays QD
solution before and after phase exchange in room light (i and iv) and
under UV excitation (ii and iii). The absorbance (C) and emission
(D) spectra for each QD-peptide sample show slight changes in the
surface environment per peptide.

NH,-terminus pK, ~ 8), the peptide is deprotonated and
transports the QD from the organic to the aqueous layer.
Neutralization of the aqueous layer and back extraction yielded
water-soluble QDs, capable of use in the biological application.
As shown in Figure 2, the exchange of the peptide onto the
QD surface is evidenced by aqueous solubility and a shift in the
absorption and emission properties. The absorbance and
emission spectral profiles of the QD-CPPs are observed to shift
slightly with the changing molecular environment at the
surface of the QD due to the unique chemical properties of the
loaded CPPs (Figure 2C and D). Relatedly, the quantum
yields (@) for the aqueous QDs are dependent on the identity
of the peptide coating as well. The experimental data are
tabulated in Table 2. The spectral window and quantum yields
are accounted for in the cell studies to allow for more accurate
quantification of cellular uptake.

The isolated QD-CPPs show a shift of the absorption
maximum following CPP exchange which can reflect the
dielectric of the solvent and peptide or changes in particle size.
The size of the QD-CPPs were measured by TEM (Table 2
and Supporting Information Figure SF2), for five of the eight
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Table 2. Characterization of CPP Functionalized QDs, Showing CPP-Dependent Quantum Yield (®), First Exciton
Absorption Wavelength (4,,,), and Maximum Photoluminescence Wavelength (A, ), TEM Diameter (d), Zeta Potential (£),

and Mobility (m) in 0.7% Agarose Gel”

QD-CPP D (%) Apps (nm) App, (nm)
CAAKA 11.3 644 670
HSV1-VP22 7.4 644 668
HIV-TAT 37.0 632 658
HIV-gp41 8.3 643 664
Ku-70 2.3 644 674
hCT(9-32) 24 648 670
integrin £33 18.4 643 658
K-FGF 124 639 664

“_- indicates values not measured.

d (nm) ¢ (mV) m (cm)
4.0 + 0.8 —34.7 + 0.6 2.6
39 + 04 +14.0 + 0.9 2.4
4.0 + 0.3 —-362 + 19 2.4
-- +14.0 £ 0.3 2.3
4.0 + 0.3 -23 + 0.5 2.6
4.1 3 —-2.7 + 3.0 2.3

+164 + 1.5 2.3
=273 +22 2.8

samples CPP functionalizations, and were observed to be
consistent with the materials prior to CPP surface modification
(due to the availability of instrumentation time and cost, the
three remaining samples were assumed to maintain the same
particle size). This indicates the absorption changes are due to
the dielectric function attributed to the different peptide
functionalizations and not changes to the QD-CPP size. The
results are consistent with the experimental observation that
electrophoresis mobility in a 0.7% agarose gel is nearly
identical (Supporting Information Figure SF3). The mobility
differences can be influenced by both size and charge. In the
electrophoretic gel experiment it is observed that all the QD-
CPPs move toward the cathode in the electrophoretic gel
indicating negative surface charge. Analysis of the zeta
potentials for the QD-CPPs confirms the QD-CPPs are
primarily negatively charged, although close to zero (Table 2).
The result is surprising as all the peptides should be neutral at
the pH of the study. For comparison, a negatively charged
nonpeptide ligand, dihydrolipoic acid (DHLA), exhibits a zeta
potential of —16 mV, consistent with earlier DHLA-QD
reports.”” The results suggest that the observed zeta potentials
for the QD-CPPs are more complex than total CPP charge.
The observed potentials are influenced by facet expression,
ligand packing, screening of charge near the nanoparticle
surface, and folding orientation of the CPPs on the QD
surface. The observed shift in absorption for the peptides
implies changes in the dielectric function, and this can be a
result of charge screening effects. Further studies are underway
to understand the correlations; however, the observation is
important as it implies the experimental observables for
classical biological methods are strongly influenced by the
materials. Additionally, the isolated samples are stable in DI
water for >3 years. While others have reported that zeta
potentials closer to zero than +30 mV are indicative of
noncolloidally stable nanomaterials,>® this is not observed in
these studies.

Cellular Uptake Studies. The QD-CPP constructs were
used to challenge the drug resistant and naive cancer cell lines
for a 24 h incubation period, and the cells were then washed
with PBS, fixed, and colabeled with DAPI nuclear stain, as
described in the Experimental Section. Fixed cells were imaged
using a wide field inverted fluorescence microscope for each
QD-CPP treatment (Figure 3). Figure 3 displays fluorescence
images of the blue DAPI nuclear stain and red intracellular QD
emission as well as overlays with the differential interference
contrast (DIC) bright field channel to visualize cellular
boundaries and morphology. All cell lines appear healthy at
the time of fixation, indicating no toxic effect from the 24 h
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QD incubation. Red photoluminescence of the QDs within
each cell line was visible at varying intensities, depending on
the peptide functionalization and cell line, indicative of
differential cellular uptake and processing of the QDs being
correlated with the identity of the covalently attached CPP. In
addition to uptake differences being peptide specific, individual
cell types presented unique QD-CPP fluorescence profiles.
This may potentially indicate an effect from differential
phenotypic expression of cell membrane surface components
between various tissue types and drug resistance status on the
interactions of the CPPs, leading to increased or decreased
cellular internalization of the QD-CPP agents. Additionally, the
morphological patterns of intracellular QD photoluminescence
were observed for each QD-CPP per cell line (Figure 3). Small
punctate patterns are indicative of endosomal encapsulation of
the QD-CPP construct, whereas the observation of diffuse,
evenly distributed intensity throughout the cell represents
cytosolic localization of the QD-CPP agents. To quantify QD-
CPP cellular uptake and localization in endosomes versus
cytosol, the intensity levels of red photoluminescence within
the cells were analyzed using Nikon Elements and Image]
Software. Images were background subtracted and normalized
to maximum intensity per cell number, and the extracted
fluorescence values were corrected for relative differences in
quantum efficiency for each QD-CPP construct, to allow for
accurate comparison of cellular uptake. In Figure 4, the
corrected cellular uptake of each QD-CPP construct is
displayed in comparison to naive and resistant cell lines, for
melanoma skin cancer (Figure 4A), mesothelioma lung cancer
(Figure 4B), and rat gliosarcoma brain cancer (Figure 4C), as
well as for both human patient excised MDR glioblastoma cell
lines (Figure 4D). Uptake profiles plotted from analysis of the
QD intensity in the microscopy data reveals cellular uptake
selectivity for the CPPs that are cell line specific. HSV1-VP22,
Ku-70, and hCT(9-32) exhibit preferential cellular uptake in
the drug resistant A375-R line versus the naive A375 line, with
a statistical significance of p < 0.05 for HSV1-VP22 and
hCT(9-32) and p < 0.01 for Ku-70 (Figure 4A). A similar
trend was observed for hCT(9-32) and HIV-gp41 in the 9L rat
gliosarcoma drug resistant line versus the drug naive cells, with
a statistical significance of p < 0.0001 and p < 0.01,
respectively (Figure 4C). And although no direct comparison
with drug naive human glioblastoma cells was able to be
obtained for this study, both human MDR glioblastoma cell
lines displayed the highest uptake for Ku-70 and hCT(9-32)
(Figure 4D). Interestingly, contrasting results were observed
for the mesothelioma cell lines where the naive MSTO cell
lines showed the opposite trend in uptake compared to the
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Figure 3. Fluorescence microscopy images showing red fluorescence from QD-CPP uptake in human melanoma (A375) and drug resistant (A375-
R), human mesothelioma (MSTO) and drug resistant (MSTO-R), rat gliosarcoma (9L) and drug resistant (9L-R), and human patient drug
resistant glioblastoma (LN18 & U87), fixed at 24 h post-transfection, with blue DAPI nuclear stain. Bright field differential interference contrast
(DIC) overlay images are also shown to visualize cellular morphologies. Scale bar is 100 ym.

drug resistant line, and experienced higher QD-CPP uptake of interaction. Further studies are underway to understand the
Ku-70 and hCT(9-32), versus the drug resistant line (Figure nature of the cell-CPP interactions leading to the observed
4B), highlighting the complexity of the CPP-cell surface results.
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Figure 4. Uptake profiles of the studied QD-CPP constructs in (A) human melanoma (A375) and drug resistant (A375-R), (B) human
mesothelioma (MSTO) and drug resistant (MSTO-R), (C) rat gliosarcoma (9L) and drug resistant (9L-R), and (D) human patient drug resistant
glioblastoma (LN18 & U87), fixed at 24 h, measured by microscopic fluorescence intensity, corrected for the quantum yield of each peptide-QD
conjugate, and normalized for cell number by DAPI nuclear stain counting. Displaying statistical differences of p < 0.5, 0.1, 0.001, and 0.0001 as *,
ok stk and ##¥% respectively, for uptake in comparison to 100% CAAKA loaded QDs (black), and drug resistant versus drug naive cell lines (red,

in parentheses).

Since the QDs were loaded with CPPs at a ratio of 9:1 with
the CAAKA short synthetic peptide spacer, occupying 90% of
the QD surface sites, to allow for better visibility of the
literature-sourced sequences in Table 1 to be accessible by the
cell surface, analysis of QD-CPP cellular uptake versus the
100% CAAKA loaded QD was performed as a control. It was
found that, for all cell lines, QDs with 10% loading with Ku-70
and hCT(9-32) showed improved uptake versus CAAKA
alone, giving the statistical significance of p < 0. 0001 for all
lines except for A375 (hCT(9-32) p < 0.001), MSTO (Ku-70
p <0.001 and hCT(9-32) p < 0.01), and MSTO-R, the latter
of which did not show statistical significance above the 100%
CAAKA-QD sample for any of the tested constructs (Figure
4). Additionally, the Herpes virus derived peptide, HSV1-
VP22, showed significant uptake over the 100% CAAKA
loaded QDs in 9L and 9L-R (p < 0.001), U87 (p < 0.01), and
A375-R (p < 0.5) (Figure 4). Together, the QD-CPP uptake
results demonstrate statistically significant impact from both
the CPP sequence as well as the cell type. These data
emphasize the complex and somewhat ambiguous nature of
CPP cellular targeting and stress the need for a more
comprehensive understanding of design considerations for
cell-specific CPP targeting approaches to be fully realized.

Cellular Localization Analysis. The CPP modified QDs
were analyzed for intracellular particle localization, to probe
the question of whether an endosomal versus cytosolic fate for
the QD-CPPs is a cell- or CPP-dependent phenomenon. In
Figure SA, high resolution confocal z-stack images display
cellular localization of internalized QD-CPPs in three-dimen-
sional space, with an example of more endosomal punctate
fluorescence shown for the 100% CAAKA loaded QD control
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(Figure SA-i), and more cytosolic diffuse localization for 10%
hCT(9-32) loaded QDs (Figure SA-ii), at 24 h post
transfection with the QD-CPP constructs. From these and
previous cell images, it can be seen that all of the QD-CPP
constructs display varying proportions of both punctate and
diffuse fluorescence indicating different packing and escape
profiles for each cell line that do not seem to be entirely CPP-
dependent (Figures SA and 3). In order to assess cytosolic
versus endosomal localization of the QD-CPP packages within
cells, two-dimensional cell images were analyzed for the
average fluorescence area, with small punctate fluorescence
areas indicating endosomal localization and large diffuse
fluorescence areas indicating cytosolic QD-CPP distribution
(Figure SB). Comparing the results of Figure 5B to the average
2D area of a whole cell (~900 um?®) versus that of a single
endosome (~10 um?), it is observed that most of the
internalized QD-CPPs were at least partially confined to
endosomes with some QD-CPPs having been cytosolically
delivered or having begun to diffuse into the cytosol by the 24
h time point, as the average package size for all CPPs and cell
types is well below the “whole cell” or fully cytosolic value of
900 um’. Taking a closer look at the average fluorescence
package sizes of QD-CAAKA versus the best uptake perform-
ers, HSV1-VP22, Ku-70, and hCT(9-32), it can be seen that
the localization profiles seem to be predominantly cell-type
dependent (Figure SBii-iv). The A375 and A375-R skin cancer
cells show greater than 10 ym” average package sizes for all
peptides, although package sizes of 20—30 um* could be
indicative of small endosomal agglomerates. The MSTO and
MSTO-R lung cancer cells show greater cytosolic localization
profiles for CAAKA (near 80 um* or 84 + 42 and 72 +
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Figure S. (A) Confocal fluorescent z-stack images of intracellular
localization for QD-CPP constructs displaying more punctate
endosomal fluorescence for QD-CAAKA (i) and more diffuse
cytosolic localization for QD-hCT(9-32) (i) in 9L cells. (B)
Quantification of QD-CPP endosomal versus cytosolic localization
by area of punctate fluorescence, showing mostly mixed endosomal
(10 um?® single endosome) and cytosolic (900 um?® whole cell)
localization for naiive and drug resistant human melanoma (A375 &
A375-R), human mesothelioma (MSTO & MSTO-R), rat gliosarco-
ma (9L and 9L-R), and human glioblastoma (LN18 & U87), with (ii-
v) endosomal area range for CAAKA versus the best performers:
HSV1-VP22, Ku-70, and hCT(9-32), respectively. Displaying
statistical differences of p < 0.5, 0.1, 0.001, and 0.0001 as *, **,
*a%and FEFE S respectively, for fluorescence package sizes in
comparison to MSTO cells (black) and drug resistant MSTO-R
cells (red).

um?, respectively) as well as the best performers (~60—130
um?). This is in comparison to glioma cell lines which more
distinctively show endosomal entrapment for the QD-CAAKA
samples (near or below 10 ym?), with HSV1-VP22, Ku-70, and
hCT(9-32) each showing more cytosolic (average size greater
than 30 um?) for one or more glioma cell lines (Figure SBii-
iv). Statistical analysis of the averages fluorescence package
sizes showed the greatest differences to be observed when
compared to the MSTO cell line (which displays large
fluorescence areas, likely indicating cytosolic diffusion), across
the majority of CPPs (denoted by black asterisks in Figure
SBii-iv), with the QD-hCT(9-32) experiencing the most
meaningful differences between cell lines, with p < 0.001 for
all but the MSTO-R line. A small statistical significance of p <
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0.5 was also observed for MSTO-R, with regards to the QD-
CAAKA (denoted by a red asterisk in Figure SBii). These
results indicate that cellular processing profiles are likely more
dependent on cell type than CPP.

Additional analysis of the percentage of punctate fluo-
rescence relative to the total fluorescence area within each cell
type is demonstrated in Supporting Information Figure SF4
and reveals that differences in punctate patterning had higher
rates of statistical significance with the glioma cell lines of U87,
LN18, and 9L/-R than did the melanoma (A375/-R) or
mesothelioma (MSTO/-R) cell lines. However, differences
within the glioma cell lines appear to be more CPP-dependent,
with Ku-70 showing the highest punctate percentages in U87
and LN18, and HIV-TAT and HIV-gp41 showing the highest
punctate percentages in 9L and 9L-R, respectively (Supporting
Information Figure SF4).

These experimental observations are interesting findings as it
has previously been assumed that nanoparticle delivery
constructs disassemble during packaging in the endolysosomal
pathway allowing escape of the cargo with only the NP being
trafficked out of the cell via exocytosis.”* ~>” Determination of
the amount of cytosolic delivery versus endosomal escape in
the cell, and what cellular uptake mechanisms may be involved
with each of the cell penetrating peptides, will require future
studies.

Computed CPP Orientation and Packing Analysis.
Much of the recent literature suggests that cellular uptake of
CPPs is highly dependent on electrostatic interactions of cell
surface markers in addition to the positive charge of the
peptide.”” Although the set of peptides tested was not
exhaustive, the data in Figures 3—5 suggest that uptake of
the CPPs could rely more heavily on CPP interactions with
cellular surface markers than previously anticipated. Most
research indicates that CPPs gain access to the intracellular
lumen through various endocytic pathways,® many of which
require receptor mediated binding as an initiation step. Since
acquisition of drug resistant status in cancer cell lines is known
to cause a change in membrane composition and expression of
different surface markers’*—depending on the amount of
resistance to the chemotherapeutics—these results may suggest
that the ability and efficiency of CPP cellular uptake is not only
sensitive to membrane surface markers available per cell type
but also potentially to changes in the cellular membrane
structure and prevalence or identity of surface receptors within
tissue classes as well.

To further understand the peptide dependent uptake
behavior, the nature of the potential packing and orientations
of the appended peptides on the surface of the QD was
analyzed using the PEP-FOLD structure predicting software
service,”” to assess the most energetically favorable structural
conformations for the CPP sequences under physiological
conditions. The generated results were further filtered to select
the most plausible QD-bound secondary structure, which
allowed for unhindered access of the thiol from the N-terminal
cysteine to bind to the QD surface. In Figure 6 it can be seen
that each peptide adopts a different degree of ordered
secondary structure. These differences lead to unique structural
morphologies which do not trend with the properties of the
primary sequences; for instance, the peptides with higher
numbers of amino acid residues in their sequences do not
always display a proportionally greater height from the QD
surface compared to shorter peptides in terms of sequence
length (Table 3). Also, the folding orientations alter each
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Figure 6. PEP-FOLD generated secondary structures of the studied CPPs as possible folding orientations of peptides bound to the QD surface via

the N-terminal cysteine thiol.

Table 3. Calculated Peptide Properties and Loading Level on the 4 nm Diameter QD (surface area ~50 nm”), Based on the
PEP-FOLD Generated CPP Structures, Displaying Folded Peptide Height and Diameter Given in Angstroms (A), Binding
Footprint in Square Nanometers (nm?), and the Maximum Number of Peptides that a 4 nm QD Could Accommodate for
Single Peptide Loading (100%), and Ratioed Peptide Loading (90% & 10%) for CAAKA:CPPX.

CPP Height (A)  Diameter (A)  Footprint (nm?)
CAAKA 15.1 9.0 0.6
HSV1-VP22 31.5 26.7 5.6
HIV-TAT 27.6 25.6 S.1
HIV-gp41 31.7 15.2 1.8
Ku-70 22.8 13.1 13
hCT(9-32) 28.1 16.6 22
Integrin /33 23.1 9.8 0.8
K-FGF 25.6 19.2 29

100% Loading (# per QD)

90% CAAKA (# per QD)  10% CPPX (# per QD)

79.0 - -
9.0 39.9 4.4
9.8 41.6 4.6

27.7 60.0 6.7

37.3 64.0 7.1

23.2 57.3 6.4

66.6 69.8 7.8

174 52.5 5.8

peptide’s effective footprint, or the amount of “floorspace” that
the peptide occupies on the QD surface, which impacts the
CPP packing efficiency and loading level on the QDs (Table
3). Both the factors of CPP orientation and packing play an
important role in the ability of the transduction sequences of
the peptides to access and interact with the cellular membrane
to promote cellular entry. The maximum possible numbers of
peptides able to spatially fit on the QD surface (ignoring more
complex steric or repulsive molecular interactions) can be seen
in Table 3 for 100% loading and 10% loading versus CAAKA.
Notably, the coloading of the short CAAKA filler sequence not
only has the ability to aid in visibility of the longer target CPPs,
giving up to an extra 16 A calculated head clearance
(depending on CPP), but may also aid in QD stability by
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increasing the surface passivation and allowing for more
binding sites on the QD to be occupied than if loaded with the
target sequences alone (Table 3).

The calculations shown in Table 3 provide ideal packing
ratios, and it is assumed that the actual CPP packing on the
QD surface would be limited by the interactions of the
coloaded CPPs. It is assumed that diversifying the loaded CPP
properties, by coloading with the CAAKA peptide which has a
positive charge on the lysine residue, may mitigate some tight
packing affects caused by hydrophobic residue interactions
near the QD surface. This may also result in increased
flexibility and visibility of the CPPs to the cell surface by
limiting close packing interactions of the peptides. Although
the exact ratios of loaded peptides were not able to be
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determined with the available analytical tools due to the
similarities in peptide absorption and chemical shift profiles,
the observation of differential uptake for each QD-CPP
sample, versus the 100% CAAKA loaded QD (as a control
complex), indicates that the target CPP sequences are able to
impact cellular uptake when the constructs are assembled at a
ratioed loading level of 1:9 CAAKA.

B CONCLUSION

The selectivity of the various CPPs for drug-resistant cancer
cell lines was analyzed and compared to the drug-naive cancer
lines. The results of the study indicate that the uptake behavior
is highly dependent on the cell type and its level of acquired
resistance, as well as the CPP. The studied CPPs were selected
from reported viral or signal protein sequences that have been
demonstrated to cross cell membranes. The CPP sequences
studies were modified with a N-terminal cysteine appended to
truncated fragments of highly charged viral capsid proteins
(HIV-TAT and HSV1-VP22)*"** and protein transduction
domains with low charge (hCT(9-32), Ku-70, and K-
FGF),*"**% and neutral transduction sequences (HIV-gp41
and integrin—ﬁ?)).‘%’45 The CPPs coloaded onto the multi-
shelled QDs at a 1:9 molar ratio versus the short synthetic
peptide CAAKA. As indicated in the PEP-FOLD analysis
(Figure 6) coloading increases the target CPP availability to
the cell surface and potentially enhances recognition of the
CPP sequence with the cell surface, by mitigating close packing
of the CPP backbones around the QD delivery vector. The
results indicate each CPP exhibits cell-specific uptake profiles
with unique responses being observed for each cell line and
peptide (Figures 3 and 4). Despite these cell-specific variations,
significant uptake is observed for the hCT(9-32), Ku-70, and
HSV1-VP22 peptides for the majority of the selected screen of
cell lines, with significant increases being observed for the drug
resistant human melanoma and rat gliosarcoma cells (p < 0.05
and 0.0001, respectively), which may be due to changes in
membrane protein expression as cancer cells acquire drug
resistance. Inspection of the sequences reveals the uptake
profiles do not appear to be dependent on the peptide charge,
length, or secondary structure; although peptide packing on
the QD surface may affect cellular uptake. This work highlights
the utility of multishelled QDs for effective CPP-mediated
uptake screening in multiple cell lines using fluorescent
microscopy, as well as demonstrates the nontrivial consid-
erations involved in designing targeted nanotherapeutics for
drug resistant cancer treatment.

This work demonstrates that, for the selected cells lines,
differences in QD-CPP cellular uptake are dependent on the
drug resistance status as well as the specific CPP used. Results
from this study provide insight into the use of CPPs in cancer
lines, as the CPPs can have variable transfection efficiency
depending on cell type and drug resistance status of the cells.
This is important for future endeavours in drug delivery
designs, as targeting cancer in vivo does not have a “one-size-
fits-all” solution, and different CPPs might be needed
depending on the drug resistant status of the cells at the
time of delivery. It is also observed that the QD does not cause
toxicity and provides valuable insights into cell-specific uptake
profiles. Future studies are needed to assess the effects of
coappending a drug to the surface of the QD to determine the
outcomes of a multibiofunctional multishelled QD-CPP,
within these cell lines, in order to better understand the utility
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of CPP conjugated nanoparticles as a viable therapeutic for
drug delivery.

B EXPERIMENTAL SECTION

Multishelled QD Synthesis. Spherical 4.3 nm multi-
shelled CdTe@CdSe@CdS@ZnS quantum dots (QD) were
prepared using a multistep step core—shell synthesis where the
Cd stock solution (0.05 M) was prepared by dissolving CdO in
tetradecyl phosphonic acid (0.125M) and octadecene (ODE)
at 300°C under N,. The 0.1 M Te stock solution was prepared
by dissolving Te in trioctyl phosphine (TOP) and dilution by
an equal volume of ODE. Similarly, 0.1 M solutions of TOP/
ODE:Se, TOP/ODE:Cd(acetate), TOP/ODE:S, and TOP/
ODE:ZDC (zinc diethyldithiocarbamate) were prepared as
multishelling precursors. As a special note, the ZDC precursor
decomposes at 70 °C, allowing it to act as both the zinc and
sulfur source for the final ZnS shell. For this reason, care must
be used during preparation and storage of the precursor, and
the powder was dissolved by sonication in an ice bath.

The core CdTe was prepared by microwave heating of the
Cd stock (4 mL, 0.05M) to 220 °C at 300 W under N,,
followed by rapid injection of the above-mentioned Te stock
(2 mL, 0.1 M). The solution was maintained at 220 °C (300
W) for 2 min resulting in formation of the 3.4 nm CdTe core.
Formation of a CdSe interface layer was accomplished in a
stepwise SILAR approach, without isolation of the CdTe core
by addition of 1 mL TOP/ODE:Se (0.1 M) at 150 °C (300
W) for 2 min, followed by precipitation using toluene and
methanol, and centrifugation to isolate the CdTe@CdSe QD.
The final two shell layers for the multilayer QD were added by
dissolution of the CdTe@CdSe QD into ODE followed by
heating to 150 °C in the MW cavity (300 W) and rapid
injection of 0.1 M cadmium acetate in TOP/ODE followed by
0.1 M sulfur powder in TOP/ODE. The reaction was cooled
to 135°C, and 0.1 M zinc diethyldithiocarbamate in TOP/
ODE was added and allowed to react for 15 min with a final
annealing step at 180°C for 15 min. The multishelled QD was
isolated by precipitation through the addition of MeOH,
washed three times by toluene/MeOH, and centrifuged to
isolate a free-flowing powder.

The isolated QDs were analyzed by transmission electron
microscopy (TEM) using a JEOL-2010 microscope operated
at 200 kV. The samples were dispersed on 400 mesh holey
carbon grids (Electron Microscopy Sciences) from a toluene
solution. The core of the QD consisted of a ~3.4 nm diameter
CdTe nanosphere, with half monolayer of CdSe, one
monolayer of CdS, and one monolayer of ZnS. The as-
prepared QDs were passivated by trioctyl phosphine (TOP).
The resulting multishelled QD had a 5% size dispersity based
on TEM analysis. The first exciton for the QD was found to be
at 606 nm with the band-edge emission observed at 665 nm
(FWHM = 24 nm) with a QY of 33.7%.

Peptide Surface Passivation. Biphasic place exchange
reactions were carried out to replace the organic soluble TOP
passivating molecules with the hydrophilic peptides through
formation of a bidentate coordination to the N-terminal
cysteine of the CPPs. The purified N-terminal cysteine
modified CPP sequences were purchased from RS Synthesis
(Louisville, KY). The sequences are available in Table 1. The
biphasic ligand exchange was accomplished using phase
transfer from tetrachloroethylene (TCE) into water, by
dissolution of the QD (S mg, 2 uM) in 2 mL of TCE at 60
°C. A N, sparged, aqueous solution (2 mL) containing 2 M
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peptide and 0.05 M TCEP was added to the TCE solution of
QDs. The biphasic reaction was stirred at 60 °C for 10 min,
followed by dropwise addition of 100 uL of tetraethylammo-
nium hydroxide (20 wt %) in DI H,O, every 10 min until the
QDs were fully exchanged, typically within 1 h. Afterward, the
reaction was allowed to phase separate and the water
solubilized QD fraction was removed and stored at 4 °C.
Prior to use, the CPP- QDs were isolated by two successive
ethanol precipitations or by three successive solvent exchanges
of 0.2 uM filtered H,O using a 3k molecular weight cutoft spin
filter (VWR) and resuspended in 0.2 uM filtered H,O.

QD-CPP Characterization. QD-CPP constructs were
assessed for optical properties using a Cary Bio-50 UV—vis
spectrophotometer to determine any shift in the first exciton
for each CPP preparation. Similarly, photoluminescent proper-
ties were assessed using a Varian Excite spectrophotofluor-
ometer, with excitation at 580 nm. Quantum yields were
calculated using Rhodamine 6G in ethanol (¢ = 95%). QD-
CPP zeta potentials were measured using a Wyatt Mdbius in
nanopore water in triplicate measurements of 10 scans
collected over 10 s each. Relative QD-CPP size was also
assessed using 0.7% agarose gel electrophoresis, at 80 V, 500
mA for 30 min at 25 °C. TEM images of peptide passivated
QDs were also collected as described above, and analyzed for
size distribution in Image] software.

Human Cell Lines and Culture. The human cancer cell
lines used in this report were obtained from the American
Type Culture Collection (ATCC). The human mesothelioma
cell line MSTO-211H (CRL-2081) and the human malignant
melanoma cell line A-375 (CRL-1619). A-375 skin cancer cells
were acquired from ATCC and cultured at 37 °C and 5% CO,
in RPMI 1640 medium (Sigma Chemical Co., St. Louis, MO)
supplemented with 10% fetal bovine serum (Sigma) and
penicillin/streptomycin (Gibco). Drug resistant cell lines were
established as described previously.”’ Additionally, human
drug resistant glioblastoma lines U-87 MG (ATCC HTB-14)
and LN-18 (ATCC CRL-2610) were acquired and cultured at
37 °C and 5% CO, in Dubelco’s Modified Eagles Medium
(DMEM 7777, Sigma), with 10% FBS (Sigma), penicillin/
streptomycin/amphotericin B (Sigma), and gentamicin
(Gibco).

Rat Gliosarcoma Cell Lines and Culture. Rat
gliosarcoma cells (9L) were acquired from the neurotissue
bank at the University of California, San Francisco. Subcultures
of 9L cells were expanded in 75 cm” plastic flasks (T-75 cm?,
Nunc) with DMEM (D7777 Sigma Chemical Co., St Louis,
MO), supplemented with 2 mM L-glutamine, 100 pg/mL
gentamicin, 0.1% pen/strep, and 10% fetal bovine serum
(HyClone) generating DMEM complete medium. The
cultures were incubated at 37 °C in a humidified atmosphere
containing 5% CO,. The 9L cells were split into 4 identical
flasks. Control, BCNU-sensitive 9L cells (9L) were grown as
described above. BCNU-resistant 9L cells (9L-R) were created
by challenging 9L cells with increasing concentrations of
BCNU (10—225 uM) over time. Surviving cells were grown to
confluence and then split into new flasks, allowed to reach 80%
confluence, and treated again with complete media or
complete media containing BCNU.

Responsiveness of 9L and 9L-R subcultures to chemo-
therapeutics was determined using the In Vitro Toxicology
Assay Kit (Sigma-Aldrich TOX-6) based on the sulforhod-
amine blue (SRB) method for monitoring cell viability. Briefly,
cells were plated in 96-well plates, in triplicate, at a density of 1
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X 10° cells/mL and treated for 72 h using the range of
indicated concentrations of drugs. After 72 h, cells were fixed
by adding SO uL of ice cold 50% trichloroacetic acid (TCA)
per well for 1 h at 4 °C. After washing, plates were air-dried
before addition of 100 uL of 0.4% sulforhodamine blue. The
plates were then washed with 1% acetic acid and air-dried. The
incorporated dye was solubilized by the addition of 200 uL of
10 mM Tris buffer per well. Absorbance was read on a BioRad
Benchmark Microplate reader at 490—530 nm to characterize
protein concentration in each well.

Cellular Uptake Studies and Fluorescent Microscopy.
For each cancer cell line, cells were plated at 30% confluence
(~30,000 cells/cm?) on 1.0 coverglass in 24-well plates
(Corning) and grown for 24 h at 37 °C in 5% CO, prior to
transfection with 2 pmol of QD-CPP per well (1 nM). After 24
h incubation with the QD-CPPs at 37 °C in 5% CO,, the
media was removed and the cells were rinsed with prewarmed
PBS, fixed with 4% paraformaldehyde (PFA) (Sigma), stained
with DAPI nuclear stain (Life Technologies), and mounted to
slides with Fluorogel antifade mounting media (Electron
Microscopy Sciences), according to the manufacturers’
instructions. Fixed slides were stored at 4°C in the dark
when not under microscopic observation.

Cellular uptake was analyzed under fluorescent microscopy
using a Nikon Eclipse TE2000 inverted microscope. Excitation
of QD-CPPs was performed using the Texas Red filter cube
(Nikon) with a 500 ms exposure time. The DAPI nuclear stain
was used to correct QD fluorescence per cell number and was
excited with a DAPI filter cube (Nikon) for 300 ms of
exposure. Differential interference contrast (DIC) images were
collected to visualize the cell boundaries, with 35 ms of light
exposure.

Image Analysis. All images were analyzed in Image]
software®” for the total QD fluorescence intensity corrected for
cell number and quantum yield differences between QD-CPPs,
as observed during photoluminescence characterization in a
cuvette. Analysis of cellular localization of the QD-CPPs was
performed in Image] by assessing intensity-thresholded images
for the average fluorescence package 2-dimentional area, with
N 9 images per QD-CPP sample per cell line, and
approximately 500—2500 packages measured per image.
Statistical analysis was performed using a two-way ANOVA
with Tukey’s post hoc test in GraphPad software (Prism).
Lower limit thresholds were set to just above the noise floor in
order to calculate the total fluorescence area. For punctate
fluorescence calculations, the lower limit thresholds were set to
100 counts, in order to eliminate dilute cytosolic fluorescence
contributions. Calculated punctate versus total fluorescence
values were used to determine calculated punctate fluorescence
percentages.
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