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Abstract
Cell-penetrating peptides (CPPs) are a class of molecules that enable efficient internalization of a
wide variety of cargo in diverse cell types, making them desirable for delivery of anticancer drugs
to solid tumors. For CPPs to be useful, it is important to be able to turn their function on in
response to an external trigger that can be spatially localized in vivo. Here we describe an
approach to turning on CPP function by modulation of the local density of arginine (Arg) residues
by temperature-triggered micelle assembly of diblock copolymer elastin-like polypeptides
(ELPBCs). A greater than 8-fold increase in cellular uptake occurs when Arg residues are
presented on the corona of ELPBC micelles, as compared to the same ELPBC at a temperature in
which it is a soluble unimer. This approach is the first to demonstrate digital `off-on' control of
CPP activity by an extrinsic thermal trigger in a clinically relevant temperature range by
modulation of the interfacial density of Arg residues on the exterior of a nanoparticle.
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Current approaches to cancer therapy rely heavily on chemotherapeutic agents whose
cytotoxic actions are amplified in rapidly dividing cancer cells. Unfortunately, these agents
also affect a subset of dividing healthy cells, resulting in toxic side effects that limit drug
dose and ultimately hinder their therapeutic efficacy. Targeting systemically delivered drugs
more precisely to the site of disease is a major goal in cancer chemotherapy so as to reduce
off-target side effects and thereby increase their maximum tolerated dose and efficacy.

A number of active targeting strategies have been investigated that exploit unique features of
tumors, such as overexpressed receptors,1,2 upregulated enzymes,3,4 depressed pH,5,6 and
hypoxia,7,8 to enhance the systemic delivery of drug carriers to tumors. These approaches,
however, are limited by several factors. First, overexpressed receptors or other cell surface
proteins, although present at higher density in tumors, are also expressed by healthy cells,
which leads to off-target accumulation and systemic toxicity. Second, many “tumor
specific” features such as pH, hypoxia, and receptor expression exhibit great heterogeneity
between different types of solid tumors, so that a strategy that seeks to exploit these features
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for targeted drug delivery is often applicable only to a narrow and specific subset of
tumors.9 Third, even within a single tumor type, there is great heterogeneity in these features
between patients.10–13

In contrast, cell-penetrating peptides (CPPs) are an attractive –and conceptually orthogonal–
targeting approach for drug delivery because they do not rely on unique features of tumors
to achieve efficient cellular uptake.14–17 These short peptides, such as TAT,18 penetratin,14

and oligoarginine19 achieve internalization by mechanisms that are believed to be initiated
by the electrostatic interaction and hydrogen bonding between a CPP and the phospholipid
and proteoglycan components of cell membranes.20,21 These putative interactions with
ubiquitous components of the cell membrane enable CPPs to exhibit cellular uptake in a
variety of cell lines.16,17 CPPs also enable efficient uptake of attached cargo, as CPPs
conjugated to proteins,22 DNA,23 liposomes,24 and micelles25 lead to efficient
internalization of these diverse cargo. CPPs thus provide an exciting opportunity to create
functionalized drug carriers capable of achieving cellular uptake in a wide range of cancer
types.

Unfortunately, their complete lack of cellular specificity is problematic, as systemically
delivered CPPs can be taken up in a number of organs within the body.26,27 A `universal'
tumor targeting system would thus combine the specificity of receptor-mediated targeting
with the ubiquity and robustness of CPPs. This study focuses on solving this dilemma by the
in situ triggered assembly of a CPP-presenting nanoparticle solely within a tumor. This
approach builds upon the observation that oligoarginine CPPs display a strong cutoff effect
in their cell penetration ability; below a threshold of six consecutive arginine (Arg) residues
in the CPP, little internalization is observed, while above this threshold of Arg residues there
is significant cell uptake.19 We hypothesized that it is not the absolute number of Arg
residues, but instead the local Arg density that is responsible for this threshold effect in cell
uptake. This hypothesis then suggests that triggered micelle assembly of a diblock
copolymer, with less than six Arg residues on its hydrophilic terminus, should provide a
system that exhibits digital `off-on' cellular uptake because of the large difference in the
local Arg density between the unimer and the micelle.

To create a targeted system with tumor-specific assembly of a functional CPP, we chose
heat as the trigger and thermally responsive elastin-like polypeptides (ELPs) as the actuator
to modulate the local density of Arg residues by an external thermal stimulus. Heat is an
interesting trigger for targeted drug delivery because focused mild hyperthermia –wherein a
specific region of the body is heated to a maximum in vivo temperature of approximately 42
°C– can be carried out in a clinical setting using microwaves,28 radio-frequency,29 or
ultrasound.30 Mild hyperthermia is of particular interest in oncology because compared to
surrounding normal tissue, tumors have poor heat exchange properties because of their
tortuous vasculature and low blood flow rates,31,32 so that mild hyperthermia using an
external applicator can be confined to solid tumors.33

We chose ELPs as the actuator to build a digital `off-on' switch of CPP activity because
ELPs are peptide polymers34 that exhibit lower critical solution temperature (LCST) phase
transition behavior, such that below their LCST, or inverse transition temperature (Tt), they
exist as soluble unimers, while above their Tt they coacervate into insoluble micron-size
aggregates.35 Diblock copolymer ELPs (ELPBCs), composed of hydrophobic and
hydrophilic ELP segments, are capable of temperature-triggered micelle assembly.36–38

Upon thermally triggered selective desolvation of the hydrophobic segment, the amphiphilic
ELPBCs self-assemble into spherical micelles with a core consisting of the hydrophobic
segment and a corona composed of the hydrophilic segment.
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To exploit temperature-triggered micelle assembly of ELPBCs to modulate the local Arg
density, ELPBCs were recombinantly designed to incorporate five Arg residues –below the
threshold necessary for efficient cell uptake– at the terminus of the hydrophilic block (Arg5-
ELPBC) (Figure 1A). Below their critical micelle temperature (CMT), we show that Arg5-
ELPBCs exist as soluble unimers, whose interfacial Arg density is below the threshold
necessary for cell uptake, preventing efficient cellular internalization in this `off state'.
Above the CMT Arg5-ELPBCs self-assemble into spherical micelles that display an
increased interfacial density of Arg residues on the hydrated surface of the micelle corona.
We hypothesize that this dramatic increase in the local interfacial density of Arg residues
exceeds the threshold necessary for uptake leading to efficient cellular internalization of the
micelles in this `on state' (Figure 1B). We specifically chose a CMT in the range of 39–42
°C, which is typical of temperatures achieved with mild clinical hyperthermia.39,40 The
established clinical use of externally applied mild hyperthermia as adjuvant treatment for
chemotherapy or external beam irradiation makes this approach practical to translate to the
clinic.40

To achieve mild hyperthermia-triggered micelle assembly, the sequence, molecular weight
(MW), and ratio of the hydrophobic and hydrophilic segments of the ELPBC have to be
precisely tuned to ensure that ELPBCs are soluble unimers at 37 °C and that temperature-
triggered micelle assembly occurs between 39 and 42 °C. The design of an ELPBC with a
specified CMT in such a narrow temperature range is not trivial for two reasons. First,
although the Tt of a single segment ELP can be predicted with precision as a function of
length and concentration for a given composition,41 the CMT of an ELPBC is difficult to
predict a priori from the Tt of its constituent blocks due to the interactions between these
blocks.38 The CMT of the ELPBC is also influenced by the addition of functional peptide
sequences at the ELPBC's N- and C-terminus, due to the peptides' effect on the Tt of their
adjacent block.

Our strategy for the synthesis of a suitable ELPBC involved an iterative design cycle that
required systematic adjustment in each design cycle of ELPBC parameters including ELP
sequence and block length. The design process is described in detail in the Supporting
Information. After three iterative design cycles, which involved the synthesis and screening
of approximately seven ELPBCs, we identified one block copolymer that exhibited the
desired CMT between 39 °C and 42 °C. This optimized ELPBC was composed of a
hydrophobic (Val-Pro-Gly-Val-Gly)40 segment and a hydrophilic (Val-Pro-Gly-X-Gly)60
segment, in which the guest residue X is Ala or Gly at a ratio of 1:1, and is referred to as
Arg5-ELPBC in the remainder of this paper.

The thermal behavior of Arg5-ELPBC was characterized by temperature-programmed
turbidimetry and dynamic light scattering (DLS) (Figure 2). The first transition temperature
of the ELPBC was observed at 38 °C as a modest increase in optical density, which is caused
by its transition from unimer to micelle, and is hence defined as the CMT. The second
transition temperature of the ELPBC, indicated by a large increase in optical density, is
consistent with a transition from micelles to micron-scale aggregates at approximately 56
°C. The hydrodynamic radius (Rh), measured by DLS as a function of temperature, agreed
with the temperature-programmed turbidimetry, indicating a transition of ELPBC from
unimer (Rh <10 nm) to micelle (Rh ~20 nm) at 39 °C.

In addition to the Arg5-ELPBC, two control ELPs were synthesized. A control ELPBC was
designed with the same ELPBC sequence as the Arg5-ELPBC, but without terminal Arg
residues. This ELPBC control served to deconvolute the role of micelle assembly from that
of local Arg density on cellular uptake. Additionally, a single segment ELP was synthesized
with the same composition as the hydrophilic domain of the ELPBC and was functionalized
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with five Arg residues at its C-terminus. This Arg5-ELP control was designed to identify the
role of Arg on cellular uptake, independent of micelle formation, as it was incapable of self-
assembly and had a sufficiently high Tt, such that it existed as a soluble unimer at both 37
°C and 42 °C. All constructs contained an N-terminal cysteine residue on the opposite end of
the C-terminal Arg5 peptide, for conjugation of a maleimide derivative of Alexa Fluor 488.
The MW and Rh of the three ELPs following fluorophore conjugation are listed in Table 1.

The cellular uptake of all three ELPs was examined in vitro with live cell confocal
fluorescence microscopy. Human cervical cancer HeLa cells were incubated with Alexa
488- labeled ELP at 10 μM for 1 hour at 37 °C or 42 °C. There was no significant uptake by
cells incubated with Arg5-ELPBC, ELPBC, or Arg5-ELP at 37 °C (Figure 3A–C), a
temperature at which all constructs were soluble unimers. In agreement with previous
studies,19 the limited number of Arg residues on the Arg5-ELPBC unimer is below the
threshold necessary for cellular internalization, thereby leading to minimal cell uptake in this
`off state'. At 42 °C the self-assembled Arg5-ELPBC micelle demonstrated significantly
increased cellular uptake, as seen by punctate green fluorescence within the cell boundaries
at this `on state' (Figure 3D). This internalized Arg5-ELPBC appeared to localize to the
perinuclear space (Figure 3D – box). In contrast, the ELPBC and Arg5-ELP controls (Figure
3E–F) showed no increase in cellular uptake at 42 °C, as compared to 37 °C. These results
support our hypothesis that it is not micelle assembly alone, or the presentation of Arg
residues under hyperthermic conditions, that is responsible for the enhanced cellular uptake
evident with the Arg5-ELPBC micelles. Cellular uptake thus requires the high –local–
interfacial Arg density on the corona of the self-assembled Arg5-ELPBC micelle.

Live-cell flow cytometry was performed at different times post-incubation, to quantify the
effect of enhanced Arg density on cellular uptake. Over the course of one hour at 42 °C,
cells exhibited increasing cellular fluorescence when incubated with Arg5-ELPBCs, which
display a high interfacial Arg density on the corona of their self-assembled micelles (Figure
4A). A minimal increase in cellular fluorescence was observed at 37 °C when cells were
incubated with Arg5-ELPBC, which exists as a soluble unimer at 37 °C. Cellular
fluorescence was low and approximately invariant over the course of one hour at 37 °C and
42 °C for ELPBC (Figure 4B) and Arg5-ELP (Figure 4C) controls. This data clearly shows
that there was a dramatic, approximately 8-fold, difference in cellular uptake between 37 °C
and 42 °C for Arg5-ELPBC as compared to either ELPBC or Arg5-ELP controls at all time
points.

The fold-increase in uptake in the `on state' versus `off state' was calculated as the ratio of
mean fluorescence intensity at 42 °C and 37 °C. This fold-increase in fluorescence serves as
an in vitro metric to predict targeted cellular uptake by cells within a heated tumor compared
to the cellular uptake in off-target tissues that are at physiological temperature. This metric,
as well as the overall cellular uptake, is important to characterize the ability of Arg5-ELPBC
to achieve sufficient uptake at the heated disease site while minimizing uptake at off-target
tissues. Cells incubated with Arg5-ELPBC demonstrated a greater than 8-fold maximum
increase in fluorescence at 42 °C, compared to 37 °C, after approximately 30 minutes of
incubation (Figure 4A – black line). Furthermore, the maximal fold-increase in uptake
between 42 °C and 37 °C is achieved within the standard one hour duration of mild clinical
hyperthermia.39

To examine the utility of thermally triggered uptake of Arg5-ELPBCs across cell types, we
quantified cellular internalization in two different tumor cell lines –HeLa (human cervical
cancer) and MCF7 (human breast cancer)– as well as primary human umbilical vein
endothelial cells (HUVECs), because endothelial cells in the tumor vasculature are the first
cells that Arg5-ELPBCs will encounter when they are self-assembled into micelles as they
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circulate through a heated tumor. Arg5-ELPBC showed a significantly greater fold-increase
in cellular fluorescence between 42 °C and 37 °C, as compared to ELPBC or Arg5-ELP
controls, in all three cell lines, though the effect in HUVECs was more modest (Figure 5).
This suggests that uptake in the tumor vasculature is likely to only be modestly enhanced,
with the major effect of increased uptake likely to be observed in tumor cells.

We next investigated the mechanism of cellular uptake. Although the exact mechanism of
CPP-mediated cellular uptake is yet to be precisely and unequivocally elucidated, and is
likely to depend upon the appended cargo, nanoparticles functionalized with Arg-rich CPPs
have largely been shown to preferentially utilize endocytosis pathways other than clathrin-
mediated endocytosis.42,43 This is in contrast to carriers that utilize receptor-ligand
interactions for cell uptake, which typically lead to clathrin-mediated endocytosis. To
investigate the mechanism of uptake of ELP constructs, HeLa cells were co-incubated at 42
°C with ELP and dansylcadaverine, genistein, or amiloride, to inhibit clathrin-dependent
endocytosis, caveolae-dependent endocytosis, or macropinocytosis, respectively (Figure
6A). After one hour, cells were analyzed by flow cytometry.

Cellular fluorescence in the presence of endocytosis inhibitors was normalized to the
fluorescence of cells treated with the same ELP in the absence of that inhibitor.
Dansylcadaverine had little effect on the cellular internalization of Arg5-ELPBC, ELPBC, or
Arg5-ELP, suggesting that clathrin-mediated endocytosis is not the primary endocytosis
pathway for these polypeptides. In contrast, genistein and amiloride decreased cellular
internalization of Arg5-ELPBC by 57% and 80%, respectively, as compared to uptake in the
absence of inhibitor. ELPBC and Arg5-ELP controls showed no significant change in cellular
uptake in the presence of these inhibitors, with the exception of a decrease in uptake by 31%
of Arg5-ELP co-incubated with amiloride. These results agree with previous studies that
carriers functionalized with oligoarginine CPPs exploit macropinocytosis as a predominant
mechanism of cellular uptake.44 Additionally, the enhanced effect of amiloride in decreasing
cellular uptake of Arg5-ELPBC, when compared with the Arg5-ELP control, demonstrated
the increase in macropinocytosis as the internalization mechanism with increasing density of
Arg, similar to results observed for other Arg-decorated drug delivery vehicles.44 However,
Arg5-ELPBC appears to exploit more than one pathway of internalization, as a decrease in
cellular uptake in the presence of genistein implicates caveolae-mediated endocytosis as a
secondary mechanism for cellular uptake of Arg5-ELPBC.

These results were qualitatively confirmed by confocal microscopy of HeLa cells incubated
with Arg5-ELPBC alone or in combination with dansylcadaverine, genistein, or amiloride at
42 °C (Figure 6B–E). Internalization of Arg5-ELPBC was observed in cells receiving no
inhibitor treatment and uptake was not affected by the presence of dansylcadaverine. This
was in contrast to cells incubated with genistein or amiloride, in which uptake was largely
eliminated. These results confirmed that both caveolae-mediated endocytosis and
macropinocytosis are important pathways for the uptake of Arg5-ELPBC micelles in their
`on state'. These results are interesting as these mechanisms offer advantages for uptake of
drug delivery vehicles, as they are less degradative routes of cellular entry compared to
clathrin-mediated endocytosis. Studies have shown that caveolae-mediated endocytosis
avoids intracellular lysosomal trafficking,45 while macropinocytosis involves inherently
leaky vesicles that permit some release of cargo, as well as intracellular routing that, in part,
avoids fusion with lysosome compartments.46 Together, these pathways provide routes of
cellular entry that are likely to be less harmful to labile therapeutic cargo such as biologic
drugs.

For CPPs to be useful for systemically delivered and tumor targeted drug delivery, their
function must be precisely controlled outside of the disease site. Several approaches to this
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challenge have involved the unmasking of CPPs by removal of stealth polymers that coat the
CPP,24,25,47,48 dissociation of CPPs from anionic inhibitors,49,50 or triggered presentation of
CPPs beyond a stealth coating using molecular actuator tethers.51 All of these approaches
depend on triggers intrinsic to solid tumors, such as pH52 or enzymes,53 to achieve CPP
activation. These methods for controlling CPP function provide useful alternatives to
traditional active targeting, but may be limited by several factors including their reliance on
intrinsic tumor triggers, which can be heterogeneous across tumor type, and the
irreversibility of CPP activation, which can result in off-target accumulation if the activated
CPP-functionalized carrier leaks out of the tumor.

The approach presented here has the potential to surmount these limitations by exploiting an
extrinsic thermal trigger to control CPP activation by the interfacial –local– modulation of
Arg density on the exterior of a self-assembled nanoparticle. This approach circumvents the
heterogeneity of tumor phenotypes by avoiding the use of intrinsic tumor triggers (such as
pH or protease levels) while providing a digital `off-on' switch for CPP activation by
focused mild hyperthermia in a narrow, clinically relevant, temperature window. The digital
switching of Arg density also biases uptake towards endocytic pathways that avoid
lysosomal accumulation and thereby prevent premature degradation of labile cargo.
Together, these properties provide a new nanoscale approach to harness the power of CPPs
for targeted drug delivery.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Controlled cellular uptake by modulation of local Arg density is achieved by
temperature-triggered micelle assembly of a genetically encoded Arg5-ELPBC. (B) `Off
state': At 37 °C, below the CMT, Arg5-ELPBCs exist as soluble unimers, whose limited
number of Arg residues is below the threshold necessary for efficient cellular uptake. `On
state': Above the CMT at 42 °C (a temperature that can be achieved with mild clinical
hyperthermia) Arg5-ELPBCs assemble into spherical micelles. The high density of Arg
decorating the micelle corona exceeds the threshold of Arg residues necessary for
internalization, leading to cellular uptake of the micelles.
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Figure 2.
Arg5-ELPBC was characterized by temperature-programmed turbidimetry and DLS. The
optical density at 350 nm (black line) indicated that Arg5-ELPBCs existed as soluble unimers
with a Rh of <10 nm as determined by DLS (dots) up to 39 °C. At 39 °C Arg5-ELPBCs self-
assembled into micelles with a Rh of approximately 20 nm that persisted up to 56 °C. Above
56 °C, Arg5-ELPBC formed micron-size aggregates.
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Figure 3.
Digital switching of cellular uptake by modulation of Arg density was investigated by live
cell confocal microscopy. No significant cellular uptake was evident after incubation with
Arg5-ELPBC (A), ELPBC (B), or Arg5-ELP (C) at 37 °C, a temperature at which all
constructs existed as soluble unimers. At 42 °C temperature-triggered micelle assembly of
Arg5-ELPBC increased the local density of Arg on the micelle corona, resulting in enhanced
cellular uptake, evident as punctate green intracellular fluorescence (D). This internalized
Arg5-ELPBC localized to the perinuclear space (D – box). No increase in cellular uptake was
observed with the ELPBC (E) or Arg5-ELP (F) controls at 42 °C. Green: ELP; Red: cell
membrane; Blue: cell nuclei; scale bars 25 μm.
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Figure 4.
Cellular uptake was quantified by measurement of fluorescence with live-cell flow
cytometry. Fluorescence of cells incubated with Arg5-ELPBC at 42 °C increased
significantly over the course of one hour, while those incubated at 37 °C showed little
enhancement in fluorescence (A). ELPBC (B) and Arg5-ELP (C) controls showed minimal
change in uptake over the course of an hour and showed little difference in uptake between
37 °C and 42 °C at each time point. The fold increase in cellular fluorescence (black line),
calculated as the fluorescence at 42 °C divided by the fluorescence at 37 °C, reached
approximately 8-fold for Arg5-ELPBC within one hour. Data represents the average of two
replicates ± SEM.
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Figure 5.
Cellular uptake was quantified in three cell lines by live-cell flow cytometry. The fold-
increase in fluorescence at 42 °C, as compared to 37 °C, was measured for HeLa cervical
cancer cells, MCF7 breast cancer cells, and primary HUVECs. All cell lines demonstrated
the effect of Arg density modulation by temperature-triggered micelle assembly in
controlling cellular uptake, as the fold-increase in cellular fluorescence of Arg5-ELPBC was
significantly greater than ELPBC or Arg5-ELP controls within each cell line. Data represents
the average of 3 experiments ± SEM.
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Figure 6.
The mechanism of cellular internalization was investigated by flow cytometry and confocal
microscopy of cells co-incubated with ELP and endocytosis inhibitors at 42 °C. Cellular
uptake, as measured by cellular fluorescence, significantly decreased for Arg5-ELPBC
micelles co-incubated with genistein or amiloride, but not dansylcadaverine (A). This effect
was more pronounced for Arg5-ELPBC as compared to ELPBC or Arg5-ELP controls. This
suggests that caveolae-mediated endocytosis and macropinocytosis play important roles in
the internalization of Arg5-ELPBCs in their micelle state. Confocal microscopy of cells
incubated with Arg5-ELPBC micelles alone (B), or in combination with dansylcadaverine
(C), genistein (D), or amiloride (E) support the conclusions drawn from flow cytometry.
Data represents average of 3 experiments ± SEM. Green – ELP; Red – cell membrane; blue
– cell nuclei; scale bars 25 μm. Signal from the ELP is shown as a maximum intensity
projection, demonstrating cellular uptake throughout the volume of the cell.
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