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Abstract
Targeted delivery of cancer therapeutics and imaging agents aims to enhance the accumulation of
these molecules in a solid tumor while avoiding uptake in healthy tissues. Tumor-specific
accumulation has been pursued with passive targeting by the enhanced permeability and retention
effect, as well as with active targeting strategies. Active targeting is achieved by functionalization
of carriers to allow specific interactions between the carrier and the tumor environment.
Functionalization of carriers with ligands that specifically interact with overexpressed receptors on
cancer cells represents a classic approach to active tumor targeting. Cell-penetrating peptides
(CPPs) provide a non-specific and receptor-independent mechanism to enhance cellular uptake
that offers an exciting alternative to traditional active targeting approaches. While the non-
specificity of CPP-mediated internalization has the intriguing potential to make this approach
applicable to a wide range of tumor types, their promiscuity is, however, a significant barrier to
their clinical utility for systemically administered applications. Many approaches have been
investigated to selectively turn on the function of systemically delivered CPP-functionalized
carriers specifically in tumors to achieve targeted delivery of cancer therapeutics and imaging
agents.

Introduction
Targeted delivery of anti-cancer therapeutics to solid tumors aims to enhance accumulation
of the drug within the tumor while minimizing accumulation in healthy tissues in order to
maximize therapeutic efficacy and to minimize off-target side effects. Targeting delivery to
the disease site is particularly critical for many current cancer therapeutics, which generally
exert their therapeutic action by targeting features that are not exclusive to cancerous cells,
such as rapid cancer cell division1 or the propensity of cancer cells toward apoptosis,2 so
that off-target delivery to a sub-set of healthy cells that share these features also results in
significant systemic toxicity and undesirable side-effects. Targeted delivery thus remains an
active area of investigation to improve the therapeutic efficacy of anti-cancer drugs while
reducing their undesirable side effects in healthy organs.

Two major approaches have been investigated to target drugs and imaging agents to tumors:
passive and active targeting. Passive targeting of macromolecules and nanoparticle carriers
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to solid tumors is possible because of the enhanced permeability and retention (EPR) effect
that is a consequence of aberrant physiological features of the tumor environment including
a leaky tumor vasculature and a lack of draining lymphatic vessels.3 The pores in the
disorganized neovasculature of many solid tumors, resulting from anomalous angiogenesis,
permit the diffusion of molecules from the vascular to the extravascular space. Molecules
with a prolonged systemic circulation –such as macromolecules and nanoparticles– can take
advantage of the leakiness in the tumor vasculature by diffusing into the extravascular
compartment of tumors and accumulating, over time, in the tumor tissue. The lack of an
organized lymphatic system in the tumor reduces the clearance of macromolecules and
nanoparticles, which further prolongs their residence in the tumor.

The second approach –active targeting– attempts to enhance the accumulation of a drug or
imaging agent in solid tumors by the specific interaction of a carrier with targets that are
overexpressed by tumors as compared to healthy tissue. Antibody-antigen and ligand-
receptor interactions are two examples of highly specific biomolecular interactions that can
be exploited to target carriers to tumors. Although active targeting based on ligand-receptor
or antibody-antigen interactions have shown enhanced tumor accumulation and improved
therapeutic effect by targeting functionalized carriers to tumors,4 the application of these
approaches are limited by the inherent heterogeneity of cancer classes. First, the
heterogeneity of cancer types limits active targeting approaches exploiting upregulated
receptors or overexpressed cell-surface antigens to only those types of cancer that
overexpress that target compared to healthy tissues, as the expression of these targets can
vary widely across tumor classes.5 Second, these targets are furthermore heterogeneous in
their expression between patients with a specific type of cancer, such that only a subset of
those patients with the appropriate level of target expression can be expected to benefit from
a specific active targeting approach.6 Finally, the spatial distribution of the target can also be
heterogeneous within a single tumor,7–9 such that the carrier may accumulate unevenly
throughout the tumor tissue. Because of these limitations of traditional active targeting, it is
clear that new alternatives are needed for the creation of carriers that can provide targeted
delivery of drugs and imaging agents in a variety of cancers and for a large subset of cancer
patients. Cell-penetrating peptides are a potential class of molecules that can be exploited to
achieve these goals due to their non-specific mechanism of cellular uptake that is applicable
to a variety of cell types and tumor classes. Their non-specificity, however, presents a
challenge in their use in systemically administered applications for targeted delivery. This
review summarizes the many approaches to spatially control the function of cell-penetrating
peptides that aim to harness the power of these molecules to create improved carriers
capable of providing targeted delivery of cancer drugs and imaging agents to a variety of
tumor types.

CELL-PENETRATING PEPTIDES
Cell-penetrating peptides (CPPs) are a family of peptides that show efficient receptor-
independent cellular uptake.10, 11 Over two decades ago, short peptides from HIV’s trans-
activator of transcription (TAT) protein were first discovered to penetrate cell membranes
and efficiently internalize into cells.12 The discovery of TAT was quickly followed by the
identification of other peptides that exhibited similar behavior, such as Antennapedia, a
transcription factor from drosophila (penetratin),10 and anti-microbial peptides derived from
bovine neutrophils (bactenecin),13 resulting in the definition of CPPs as a class of peptides
that achieve cellular uptake in a variety of cell types. Today this class has grown to include
CPPs such as arginine-oligomers (e.g., arginine8)14–16 as well as synthetic derivatives.17–21

The list of CPPs will continue to grow with novel techniques now being utilized to
predict22, 23 and screen24 for new CPP sequences.
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A subset of CPPs is cationic and rich in basic residues; for such CPPs, arginines are believed
to play a particularly important role in cellular internalization. While the exact mechanism
of arginine-rich CPP cellular uptake remains unclear, it is believed that ionic attractions and
bidentate hydrogen bonding of arginine’s guanidine head group with anionic components of
the lipid membrane and cell surface proteoglycans initiate interactions that lead to their
internalization.25, 26 Events that are potentially implicated in CPP internalization include
pore formation,27, 28 inverted micelle formation,29 membrane potential-driven
translocation,30, 31 and endocytosis,32, 33 which provide potential explanations for the
function of both charged CPPs and alternative classes of CPPs that may be amphiphilic or
hydrophobic in nature.

The non-specific cellular uptake of CPPs can be conferred to larger cargo by covalent
conjugation, as CPPs have been shown to facilitate the internalization of associated peptides
and proteins,34, 35 DNA,36 siRNA,37, 38 quantum dots,39 metal complexes,40, 41

liposomes,42 and micelles.43, 44 The mechanism of cellular uptake, however, varies greatly
between short CPP sequences alone and CPP-cargo conjugates (Box 1).45 Short CPP
sequences appear to easily traverse the cell membrane barrier, and are diffusely localized
throughout the cytosol, while CPPs conjugated to larger cargo tend to display a punctate
accumulation within intracellular vesicles.

Box 1

Effects of cargo on the uptake mechanism of CPP-cargo conjugates

Differences in the mechanism of cellular uptake are seen between short CPP sequences
and CPP-cargo conjugates. CPPs alone appear to traverse the cell membrane in an
endocytosis-independent manner, whereas conjugation of CPPs to cargo ranging in size
from small peptides to large proteins exhibit uptake by an endocytic mechanism.32, 45, 46

This shift in the mechanism of cellular uptake was demonstrated in human osteosarcoma
cells where fluorescently labelled CPP arginine7 (R7) or R7 conjugated to a single
additional amino acid (R7W) directly translocated across the cell membrane, as seen by
their diffuse cytosolic fluorescence.45 In contrast, the same R7 CPP when appended with
9 to 11 additional amino acids exhibited uptake indicative of endocytic mechanisms as
suggested by the appearance of punctate intracellular fluorescence. The exact endocytic
pathways exploited by any CPP-cargo conjugate is likely to be dependent on the type and
density of the CPP as well as the size and composition of the associated cargo. For
example, arginine8-functionalized liposomes have been shown to exploit distinct
pathways of uptake dependent on the surface density of the arginine8 moiety.46
Liposomes with a low density of CPP functionalization were taken up by clathrin-
mediated endocytosis and shuttled to lysosomes, while those with a high density of CPP
functionalization were internalized by macropinocytosis and were less likely to be routed
to degradative lysosomes. In this example, a high density of arginine8 thus provided a
potential advantage in internalization by exploiting a less degradative pathway of cellular
uptake. Effects of CPP functionalization on the mechanism of uptake should therefore be
considered in the design and characterization of carriers for CPP-mediated drug and
imaging agent delivery.

Despite the observation that the exact mechanism of cellular uptake of CPPs appears to be
quite sensitive to the type of attached cargo, the ability of CPPs to facilitate non-specific and
receptor-independent cellular uptake of a variety of carriers provides the opportunity to
target diverse cell types. Because of the promiscuous cellular internalization of CPPs, initial
success has largely been realized with their local delivery. Examples include Penetratin™ 1
Peptide from Q-Biogene47 and Chariot™ Protein Delivery Reagent from Active Motif,48
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which have been developed as in vitro laboratory reagents for intracellular delivery. In vivo
applications of CPPs are now in clinical trials for use in local transdermal delivery for
treatment of scarring,49 wrinkles,50 and psoriasis.51 Systemic delivery of CPP-cargo
conjugates is also being investigated for treatment of myocardial infarction52 and stroke.53

CPPs are particularly exciting in their use for cancer therapy and detection, as they hold the
potential to create a single drug carrier that is capable of targeting a diverse range of tumors
across a heterogeneous patient population, overcoming the limitations of many active
targeting approaches. Additionally, the potential of CPPs to direct cellular internalization to
less degradative pathways than receptor-mediated endocytosis could minimize the
breakdown of labile therapeutic cargo. CPPs are limited, however, by their promiscuous
cellular uptake, which greatly hinders their utility to target specific sites in vivo. Systemic
administration of CPPs for in vivo applications has revealed that their non-specificity creates
a significant challenge, as their systemic injection leads to uptake in a variety of tissues, thus
posing the risk of increased toxicity and off-target side effects. This off-target accumulation
has been demonstrated in mice by the retention of arginine9 CPPs at the site of tail vein
injection and the accumulation of arginine9 CPPs in the liver.54 The challenge of using CPPs
systemically is also compounded by charge-mediated blood clearance that can decrease
circulation time, a parameter that is important to maximize to passively target solid tumors
by the EPR effect. It is clear that suboptimal biodistribution and pharmacokinetics make the
direct use of CPPs impractical for applications requiring systemic administration.

Despite the challenges in employing CPPs for in vivo applications requiring systemic
administration, investigation of their use for the delivery of drugs and imaging agents has
actively continued because of their robust uptake and potentially less degradative pathways
of cellular entry. These advantages make them an interesting alternative to traditional
receptor-dependent methods and provide an exciting approach –if their problems can be
resolved– to potentially overcome the limitations of other active targeting methods. To
ultimately exploit the advantages of CPPs for targeted delivery to tumors by systemic
administration novel approaches are clearly necessary –and are actively being pursued by
many groups– to trigger the presentation of CPPs in situ only at the disease site to achieve
targeted tumor accumulation. These approaches are summarized in the remainder of this
review.

CONTROL OF CELL-PENETRATING PEPTIDES WITH ACTIVATABLE
CARRIERS

The use of CPPs for targeted systemic delivery requires precise control of CPP presentation
only at a target site in vivo. To achieve this control over CPP presentation researchers have
focused on exploiting stimulus-responsive materials to trigger the selective display of CPPs
within a site of disease, such as a solid tumor. These triggers for CPP activation may be
intrinsic to the pathological environment of a tumor, such as low pH caused by lactic acid
build up55 or overexpression of ECM remodeling proteases,56 or may be extrinsic to the
body such as the focused application of heat or light to a disease site. Within this paradigm
to control CPP presentation five approaches have been investigated: 1) controlled display of
CPPs by removal of “stealth” polymers; 2) triggered display of CPPs by actuation of
molecular tethers; 3) controlled presentation of CPPs by dissociation from ionic inhibitors;
4) manipulation of CPP charge by ionizable residues; and 5) modulation of the interfacial
density of critical CPP residues by temperature-triggered micelle assembly. These
approaches are summarized in Table 1.
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Controlled display of CPPs by removal of “stealth” polymers
A simple method to control the presentation of CPPs is to shield them with “stealth”
polymers that can be selectively shed in the target tissue. Hydrophilic polymers, such as
polyethylene glycol (PEG) are ideal for providing a protective corona over CPP-
functionalized nanoparticle carriers because PEG prolongs the circulation time57 and limits
cellular uptake58 of PEGylated nanoparticles compared to bare nanoparticles. In one
implementation of this concept, rhodamine-labeled TAT-functionalized liposomes were also
functionalized with PEG through pH-sensitive hydrazone linkers, wherein the PEG created a
steric barrier covering the TAT peptide.59, 60 Incubation at low pH resulted in cleavage of
the PEG from the liposome and loss of the PEG chains from the interface, revealing TAT on
the liposome surface and restoring the cellular uptake of these vehicles. This approach has
been used for local gene delivery to tumors with PEG-coated TAT-liposomes loaded with a
GFP-encoding plasmid.61 Liposomes with PEG chains attached via a pH-labile linker
showed 3-fold greater transfection as evident by GFP expression in tumor cells in
comparison to TAT-liposomes with stable pH-insensitive PEG chains. This technique was
extended to multifunctional liposomes, which were additionally functionalized with cancer-
specific antibodies to increase tumor accumulation of nanoparticles by active targeting.62

Doxorubicin-loaded TAT-functionalized liposomes modified with antibody and pH-
cleavable PEG demonstrated increased cytotoxicity in breast cancer MCF-7, melanoma
B16-F10, and cervical cancer HeLa cells after pre-incubation of liposomes at pH 5, which
removed the PEG and exposed the underlying TAT, as compared to multifunctional
liposomes at pH 7.4. It is anticipated that the additional component of cancer-specific
antibodies will improve the local accumulation and controlled activation of liposomes only
at the targeted tumor site when administered systemically in vivo.

In an alternative implementation of this approach, the PEG shield can be detached with
cleavage by overexpressed enzymes in tumors, such as matrix metalloproteinases (MMPs)
that play a role in the remodeling of the tumor extracellular matrix. This approach has been
demonstrated for the controlled uptake of quantum dots for tumor imaging.63 Quantum dots
functionalized with a CPP derived from human transcriptional factor Hph-164 were shielded
with PEG chains attached to the quantum dot through MMP-2 cleavable peptide linkers.
Removal of the PEG upon incubation with MMP-2 was confirmed by the increased intensity
of quantum dot emission due to the loss of FRET quenching between the donor quantum dot
and an acceptor Cy5 fluorophore conjugated to the PEG. The attachment of PEG to the
CPP-modified quantum dots decreased their cellular uptake in GFP-expressing human
melanoma cells (Figure 1). After incubation with MMP-2, causing cleavage of the PEG
linker, cellular uptake was restored. Similar results have been obtained with CPP-modified
dextran-coated iron oxide particles shielded with MMP-2 cleavable PEG.65 Most recently,
this approach has been extended to the controlled cellular uptake of liposomes
functionalized with MMP-2 cleavable PEG terminated with cancer-specific antibodies.66

The addition of antibodies to this multifunctional system provides the opportunity for active
tumor targeting of the liposomes prior to the enzymatic removal of PEG in the tumor
environment and subsequent cellular uptake mediated by the now exposed TAT decorating
the liposome surface. These studies suggest the potential of this approach to achieve
localized uptake of cargo in tumors that have high protease expression.

A third variation of this approach involves the noncovalent attachment of PEG to a carrier
by ionic interactions between cationic CPPs and a diblock copolymer composed of an
anionic block and a PEG block. The anionic block can be designed such that its pKa is only
slightly below physiological pH, causing the charge of this block to be neutralized in the
acidic conditions of the tumor environment. This pH-triggered transition of the anionic
block from negative to neutral charge causes dissociation of this block from the CPP,
releasing the PEG, and permitting cellular uptake of the CPP-modified carrier. This
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approach has been demonstrated with micelles of PEG-poly(L-lactic acid) (PEG- PLLA)
functionalized with TAT on the micelle corona.67 Mixing these micelles with poly(L-cystine
bisamide-g-sulfadiazine)-PEG led to ionic complexation of the positively charged TAT and
negatively charged sulfonamide, resulting in the assembly of a protective PEG shell
extending beyond the TAT decorated corona of the PEG-PLLA micelle.68 When the pH was
lowered to 7.0, the polysulfonamide became neutrally charged, causing its dissociation from
TAT and allowing cellular uptake of the micelles. When loaded with the chemotherapeutic
doxorubicin, cell death could be prevented at pH 7.4, a pH at which the PEG coating
presumably remained intact in cell culture (Figure 2). However, at the depressed pH of 7.0
the cytotoxicity was similar to free drug as the polysulfonamide-PEG chains disassociated
from the micelles and TAT-mediated cellular uptake delivered the cytotoxic payload.

Finally, this method can also be implemented with a mechanism of PEG cleavage that is not
endogenous to the disease site. One example of this approach is the modification of TAT-
functionalized DOPE liposomes by the attachment of PEG through disulfide bonds.69 The
stealth PEG coating can thus be removed in the presence of a reducing agent such as
cysteine. Inclusion of 8% cleavable PEG in the TAT-functionalized liposome provided
optimal reduction of cellular uptake in HepG2 liver carcinoma cells when the PEG coating
was intact. Upon incubation with 20 mM cysteine, the cellular uptake of liposomes
increased 4-fold by removal of the PEG and interaction of TAT with the cell surface. This
method has been extended to TAT-functionalized DSPE liposomes modified with PEG
through disulfide bonds.70 Upon systemic injection the protective PEG coating permitted
accumulation of fluorophore-loaded liposomes in C26 colon cancer tumors by the EPR
effect. The PEGylated liposomes significantly decreased off-target accumulation in the liver,
a side effect that was observed with TAT-functionalized liposomes lacking the PEG coating.
After 24 hours, systemic administration of cysteine removed the PEG from the locally
accumulated liposomes and increased the uptake in tumors by 56% as compared to control
animals that received PBS instead of the cysteine injection (Figure 3). This controlled CPP
exposure led to a 130% increase in cellular uptake compared to PEGylated liposomes, TAT-
functionalized liposomes, and non-cleavable PEGylated TAT-functionalized liposome
controls. While this approach requires external administration of the cleavage agent, it
allows activation of a CPP to be temporally controlled, which can provide advantageous
synergy with the EPR effect.

Triggered display of CPPs by actuation of molecular tethers
“Stealth” polymers can be used to selectively shield CPPs without the need for cleavage of
the protective polymer by using environmentally responsive linkers to trigger the
presentation of a CPP.71 This approach has the advantage that the protective characteristics
of PEG can be realized without the need to shed the PEG coating, which can lead to off-
target uptake if the activated CPP carrier escapes the target tissue. This approach has been
investigated with micelles composed of two block copolymers: poly(histidine)-PEG and
poly(lactic acid)-PEG-poly(histidine)-TAT.72 Self-assembly of a mixture of these block
copolymers resulted in micelles whose hydrophobic core was composed of poly(histidine)
and poly(lactic acid) and whose corona was composed of PEG. The short poly(histidine)
linker within the poly(lactic acid)-PEG-poly(histidine)-TAT copolymer acted as an actuator
that controlled the location of the TAT peptide within the micelle structure. At pH 7.4 the
neutral poly(histidine) linker was relatively hydrophobic, so that the attached TAT peptide
remained buried near the interface between the hydrophilic corona and the hydrophobic
core. A decrease in the pH to 7.0 caused ionization of the poly(histidine) segment, leading to
an increase in its hydrophilicity that led to its extension within the PEG shell and display of
the appended TAT peptide beyond the micelles’ corona. TAT presentation by pH-triggered
actuation led to a 30-fold increase in uptake of micelles in MCF-7 human breast cancer cells
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at pH 7.0 compared to the uptake achieved at pH 7.4. Further decrease to a pH of 6.8
enhanced the cellular uptake to 70-fold greater than at physiologic pH. Doxorubicin was
encapsulated in the micelle core to demonstrate the controlled cytotoxicity of these pH-
responsive carriers. Drug loaded micelles demonstrated cytotoxicity only upon lowering the
pH to 7.0 and exhibited greater cytotoxicity than free doxorubicin in drug-resistant NCI/
ADR-RES ovarian cancer cells at this pH. The cytotoxicity of these pH-sensitive carriers
was attributed both to the controlled cellular uptake of drug-loaded micelles and doxorubicin
release by the pH-triggered destabilization of the micelle caused by the ionization of the
histidine component that resided in the micelle core. Efficacy of doxorubicin-loaded
micelles was also demonstrated in vivo by regression of A2780/AD drug resistant ovarian
cancer xenografts in nude mice (Figure 4). Three intravenous doses of pH-activatable
micelles achieved prolonged tumor regression that was superior to controls, including a pH
sensitive micelle without TAT functionalization, a micelle that displayed TAT at all pH, and
free doxorubicin.72 This therapeutic effect was demonstrated in several tumor lines to
confirm the broad applicability of this approach to tumors with an acidic microenvironment.

Controlled presentation of CPPs by dissociation from an ionic inhibitor
Due to the cationic character of many CPPs, and the importance of ionic interactions in
initiating cellular uptake, complexing positively charged CPPs with negatively charged
groups serves as an alternative means to inhibit the function of CPPs by preventing their
interaction with the cell surface. In the simplest approach, the cationic residues of the CPP
can be directly coupled to anionic residues in a size-matched peptide. Conjugating these
oppositely charged components through a flexible peptide linker encourages their
association. This peptide linker can itself be a protease substrate whose cleavage enables the
dissociation of the CPP from its inhibitory peptide. Protease-triggered cleavage of the linker
thus provides a controlled material response that will initiate cellular uptake that is otherwise
prevented when the CPP and inhibitor peptide are complexed together.

In one implementation of this concept a CPP and an anionic peptide were connected by a
peptide linker that included a MMP-2 cleavage site.73 Increased tumor specificity has been
proposed by the use of linkers cleavable by cell membrane-bound enzymes as opposed to
soluble proteases such as MMPs, which may exhibit off-target expression, thereby resulting
in premature or off-target presentation of the CPP. Choosing a linker sequence specifically
cleaved by prostate-specific antigen (PSA) was the first attempt to trigger activation of a
CPP in response to this extracellular cell-surface protease that is selective to and
overexpressed by some prostate cancers.74

The most thoroughly characterized system exploiting this approach was utilized for tumor
targeted delivery of imaging agents. A Cy5-labeled arginine9 oligomer and an inhibitory
glutamate8 oligomer were connected through an MMP-2 cleavable PLGLAG peptide linker
and were shown to form hairpin structures due to intramolecular ionic interactions within a
single peptide chain.73 Incubation of cleaved constructs with human fibrosarcoma cells
resulted in a 17-fold increase in uptake compared to uncleaved controls, as measured by
flow cytometry. For in vivo applications a similar activatable construct was conjugated to
PEG to increase the typically short plasma half-lives of small peptides. Systemic delivery of
these enzyme-activatable PEGylated constructs showed at least a 3-fold increase in tumor
accumulation in comparison to non-cleavable construct with a scrambled peptide linker
sequence. This approach has been tested in a variety of MMP-2 overexpressing tumors.
Accumulation in subcutaneous fibrosarcoma, melanoma, cervical, prostate, colon, and breast
cancer tumors ranged from approximately 2 to 6-fold higher than the accumulation of a
negative control construct whose D-amino acid linker sequence prevented its recognition
and cleavage by tumor enzymes.75

MacEwan and Chilkoti Page 7

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Investigation of this approach for the controlled uptake of larger cargo has been explored
with the conjugation of ionically-inhibited CPPs to dendrimers.75, 76 Attachment of the CPP
terminus of the cationic CPP-anionic peptide complex to a dendrimeric nanoparticle allowed
retention of the CPP on the particle surface following MMP-2 cleavage of the linker that
released the inhibitory anionic peptide. A polyamidoamine dendrimer provided a substrate
for both the attachment of Cy5 fluorophore and the magnetic resonance (MR) contrast agent
gadolinium to enable tumor imaging by two orthogonal modalities. Systemically injected
dendrimers preferentially accumulated in MMP-2 overexpressing tumors and provided
detectable signals over 48 hours, which enabled surgical resection planning by MR imaging
(MRI) (Figure 5). Fluorescence of the Cy5 label was utilized during surgery to enable intra-
operative imaging of tumor margins. Due to the high retention of these particles by tumor
cells, a single systemically administered dose provided sufficient signal to also permit post-
surgical evaluation of resection with MRI. This approach improved tumor resection by
ensuring complete removal of tumor margins that could potentially be left behind in
conventional resection protocols.77 This imaging-assisted approach was shown to prolong
tumor free survival and is a promising means of improving clinical success of tumor
resections to achieve cancer-free outcomes.

This approach has also been extended to delivery of imaging agents suitable for PET and
SPECT. In one such approach an MMP-14 cleavable construct was evaluated for the
delivery of a technetium radionuclide chelated to the terminus of the construct’s CPP
component.78 Alternatively, MMP-2/9 cleavable constructs have been directly labeled with
radionuclides. These radiolabeled MMP-2/9 activatable constructs achieved similar tumor
accumulation to those comparable systems described above, with a 6-fold increase in tumor
accumulation of activatable constructs, compared to non-activatable controls with scrambled
MMP cleavage sequences.79 However, this system also exhibited increased accumulation of
activatable constructs in nearly all tissues when compared to non-activatable controls. Dual
labeling of the activatable constructs, with 125I conjugated to the attenuating anionic domain
and 177Lu conjugated to the cationic polyarginine CPP domain, revealed high ratios
of 177Lu/125I signals in the tumor as well as the muscle, heart, lung, and spleen, indicating
that accumulation of activated constructs was not specific to the tumor tissue. These results
suggest that activation may not be occurring only in the tumor, but that systemic activation
in the circulation and accumulation by the EPR effect may contribute to the enhanced tumor
accumulation achieved by this method.

Dual labeling of similar activatable CPP carriers has also been developed for use in
photoacoustic imaging. In this approach, an MMP-2 cleavable construct was synthesized
with a BHQ3 quencher (abs 672 nm) conjugated to an arginine5 CPP domain and an
Alexa750 fluorophore (ex/em 749/775 nm) conjugated to the glutamic acid4 anionic
inhibitory domain.80 In the intact, unactivated state, both of the attached chromophores
contributed to a spectral signal that was a nonlinear combination of their respective
properties. Photoacoustic images acquired at 675 and 750 nm showed strong signals from
absorption of both chromophores in the intact construct. Upon activation by MMP-2
cleavage of the linker between the domains, allowing release of the anionic inhibitor
peptide, the BHQ3-labeled CPP component alone showed high cellular uptake. By
subtracting the photoacoustic image acquired at 750 nm from that obtained at 675 nm, the
contribution from the non-activated construct was eliminated and the residual signal was
attributed to the activated BHQ3-CPP component. This technique has the unique potential to
identify specific localization of an activated probe within a mixed population of carriers.

Removal of an inhibitory anionic domain from a cationic CPP can also be achieved by an
exogenous factor. For instance, a cationic CPP that is electrostatically bound to an anionic
inhibitor can be replaced by a more strongly interacting species that is delivered to the
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desired site of action.81, 82 This approach has been investigated with the ionic complexation
of negatively charged heparin to TAT-functionalized asparaginase, which is an enzyme used
to treat acute lymphoblastic leukemia.83 The cellular uptake of asparaginase, measured by
flow cytometry, was significantly increased by its conjugation to TAT via a disulfide linker.
When complexed with heparin the ionic interactions between this anionic molecule and the
cationic TAT prevented cellular uptake in MOLT-4 leukemia cells. Cellular uptake was
recovered with the addition of protamine sulfate, a heparin antidote, which binds more
strongly to the heparin, displacing it from the TAT and thereby enabling the TAT-
asparaginase fusion to interact with the cell surface. Once internalized, the enzyme was
liberated from the TAT peptide by cleavage of the disulfide linker in the reductive cytosolic
environment within the cell.

Finally, extrinsic triggers can also be used to dissociate an ionic inhibitor from a cationic
CPP. This approach has been investigated with UV light as an external trigger to cleave the
linker between a CPP and ionic inhibitor. N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer functionalized with a penetratin derivative was rendered inactive by masking the
CPP lysine residues with charge neutralizing protective groups conjugated via a photo-labile
linker.84 Cellular uptake was thus prevented in this protected state. Exposure to UV light for
ten minutes was sufficient to cleave the photo-sensitive linker and release the protecting
groups, allowing significant increase in cellular uptake in this activated form (Figure 6).
Photo-controlled cytotoxicity was demonstrated by conjugation of the proapoptotic peptide
(KLAKLAK)2 to the HPMA copolymer backbone. UV-activated constructs decreased cell
viability to 10–20% in four cancer cell lines, in contrast to unactivated constructs that
maintained cell viability at 90–100%. The use of an extrinsic trigger presents the
opportunity for such a method to be applicable to a wide range of tumor types, though use of
endoscopic illumination or near-IR activated constructs may be necessary to ensure access
of the photo-trigger to a variety of tumor locations within the body.

Manipulation of CPP charge by ionizable residues
Due to the importance of charge in the initial interactions that lead to cellular internalization
of CPPs, an alternative approach to controlling CPP function involves the modulation of
CPP ionization from an inactive neutral state to an active cationic state. This approach has
been investigated with CPPs that incorporate histidine residues into the CPP to toggle the
CPP’s charge. Manipulation of the CPP charge is made possible by the histidine residues,
whose pKa of approximately 6.5 makes them neutral at physiologic pH of 7.4 and positively
charged below pH 6.5, a pH that may be observed in the extracellular space of tumors.

This approach has been utilized for the selective cellular uptake of a transportan-derived
CPP.85 All lysine residues were replaced with histidine residues in this lysine-rich CPP. This
histidine-modified CPP showed low cellular uptake at pH 7.4 as the histidine residues
remained neutral at this pH, thereby minimizing ionic interactions with the cell surface that
are believed to initiate CPP internalization. At pH 6.0, however, the histidine residues
became positively charged, promoting the cellular uptake of the CPP (Figure 7). This is in
contrast to the original lysine-containing CPP, which demonstrated pH-independent cellular
uptake. Conjugation of camptothecin, a cancer chemotherapeutic, to this histidine-modified
CPP through a disulfide linker permitted pH-controlled cytotoxicity with intracellular drug
release in the reducing environment of the cytosol. The histidine-modified CPP showed
increased in vitro cytotoxicity at pH 6.0, in comparison to pH 7.4, due to the increased
cellular uptake and intracellular drug delivery achieved when the CPP was positively
charged at low pH.
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Modulation of the interfacial density of critical CPP residues by temperature-triggered
micelle assembly

Arginine residues have been shown to be critical to the function of many cationic CPPs. For
arginine oligomers the CPP function is controlled by the number of sequential arginine
residues. A threshold of six residues is believed to be sufficient to achieve cellular uptake,
while less than six residues is inadequate in achieving internalization.17 The simple
sequence of arginine oligomers is thus a special case in which the CPP’s function can be
manipulated by the length of the CPP, and thus the number of presented arginine residues. A
variation to this approach stems from the hypothesis that CPP function is not, per se,
controlled by the absolute number of sequential arginine residues, but by the local arginine
residue density. This hypothesis then suggests that control of the local arginine density may
allow one to build a digital “off-on” switch of CPP function by toggling the local density of
arginine residues in a nanoscale construct. One means of controlling the local density of
arginine residues is by temperature-triggered micelle assembly from thermally responsive
block copolymers. This has been investigated with elastin-like polypeptide diblock
copolymers (ELPBCs), composed of hydrophobic and hydrophilic ELP blocks.86 Raising the
solution above the critical micelle temperature (CMT) selectively desolvates the
hydrophobic block and triggers self-assembly of the ELPBC into spherical micelles, wherein
the hydrophobic block forms the micelle core and the hydrophilic block forms the micelle
corona. Thermally controlled self-assembly can thus serve as a trigger to increase local
arginine density when the hydrophilic terminus of the ELPBC is functionalized with arginine
residues. When a limited number of arginines, below the threshold necessary for cellular
uptake, is appended to the hydrophilic domain, cellular uptake can be prevented in this “off
state” wherein the diblock ELPBCs exist as soluble unimers below the CMT. Micelle
assembly above the CMT increases the local density of arginines on the micelle corona,
exceeding the threshold necessary for cellular uptake and thus triggering internalization at
this micelle “on state”.

Modulation of arginine density by temperature-triggered micelle assembly has been
explored with ELPBCs whose CMT is between body temperature (37 °C) and the
temperature achieved with mild clinical hyperthermia (approximately 42 °C).87, 88 ELPBCs
could thus be injected systemically and circulate as soluble unimers in their “off state”,
while only in the locally heated tumor tissue could micelle assembly occur and achieve
cellular uptake in their “on state”. This approach has been explored in vitro with ELPBCs
functionalized with five arginine residues (Arg5-ELPBC).89 At 37 °C HeLa cervical cancer
cells exhibited minimal cellular uptake of Arg5-ELPBC in their unimer state, comparable to
non-functionalized control ELPBC. It was only at 42 °C, when micelle assembly increased
the local arginine density on the micelle corona, that significant internalization was observed
(Figure 8). An 8-fold increase in cellular uptake, as measured by flow cytometry, was
achieved with Arg5-ELPBC micelle assembly, while non-functionalized ELPBC and
temperature-insensitive arginine-functionalized soluble unimer (Arg5-ELP) controls
demonstrated no significant change in cellular uptake between 37 and 42 °C.

This approach presents a particularly exciting means of activating CPP function because of
its clinically relevant extrinsic trigger. Due to its independence from intrinsic features that
may vary in the tumor population, this method could be applicable to a variety of tumor
types and disease sites, provided they can be accurately heated. Additionally, this approach
provides a means of reversible activation that is not provided by many of the alternative
techniques discussed above. When the micelle leaks out of a heated tumor, the cell
penetration function turns off as the micelle disassembles into a unimer that presents only
five arginine residues. This ability to turn on CPP function in heated tumors and to keep it
turned off in unheated healthy tissues may prove to be an important factor in reducing
systemic toxicity caused by off-target accumulation, though in vivo experiments are needed
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– and are in progress– to prove this hypothesis. Should this be the case, evaluation of the in
vivo delivery of chemotherapeutics with this approach will further elucidate its potential for
targeted accumulation by manipulation of local arginine density.

Conclusion
The non-specific cellular uptake conferred by CPPs make them an interesting class of
molecules that can be exploited for the intracellular delivery of therapeutics and imaging
agents. The properties of CPPs present an interesting trade-off; while their non-specific and
receptor-independent mechanism of cellular uptake provides a valuable means of
intracellular delivery that serves as an alternative to approaches of active targeting such as
ligand-receptor interactions, their non-specificity creates a significant challenge in targeting
delivery by systemic administration to a focal site of disease. To solve this problem, a
number of approaches are being actively investigated to trigger CPP function only at a local
site of disease following systemic delivery. Harnessing the power of CPPs for tumor
targeted delivery has been pursued by a variety of mechanisms, relying on stimulus
responsive materials which provide triggered changes in material properties that allow
spatially focused presentation of CPPs in response to intrinsic disease characteristics or
locally applied extrinsic cues. A number of approaches have shown successful control of
CPPs in vitro and some have shown encouraging results in preclinical animal models,
suggesting that spatially targeted CPPs for systemic delivery of drugs and imaging agents
have exciting potential to impact a variety of solid tumors. Mastering the control of CPPs in
systemically administered carriers for targeted delivery may bring to fruition innovative
drug and imaging agent vehicles applicable to a wide range of cancer types and a large
subset of cancer patients.
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Figure 1.
MMP-2 cleavage of PEG controlled cellular uptake of quantum dots. Streptavidin-coated
quantum dots (QD-strep) (red – top row) achieved little internalization by GFP-expressing
MDA-MB-435 melanoma cells (green – bottom row, merged with top row).
Functionalization of the quantum dot surface with biotin-CPP increased cellular uptake,
while addition of removable PEG (biotin-substrate-PEG) decreased the internalization by
blocking interactions of the CPP with the cell surface. Cellular uptake was recovered in the
presence of MMP-2 with cleavage of the substrate-PEG linker, as the CPPs could interact
with the cell surface following the removal of PEG. Reprinted with permission from Ref 63
Copyright 2009 American Chemical Society.
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Figure 2.
Cytotoxicty was controlled by pH-mediated removal of PEG. Protective PEG was added to
TAT-functionalized micelles by ionic interactions between the cationic TAT and PEG-
conjugated anionic polysulfonamide. Neutralization of polysulfonamide charge in acidic
conditions caused the dissociation of PEG that allowed interaction of TAT with the cell
surface. Doxorubicin-loaded PEG-shielded TAT-micelles (white) demonstrated selective
cytotoxicity, with increased cell death occurring only at pH 7.0 and below. No pH-
dependence in cytotoxicity was shown with controls including TAT-micelles (dark grey),
free doxorubicin (light grey), or untreated cells (black). Reprinted from Ref 68 with kind
permission from Springer Science and Business Media.
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Figure 3.
Tumor accumulation was enhanced with removal of PEG from tumor-localized stealth
liposomes (SL). TAT-functionalized liposomes with cleavable disulfide-linked PEG (C-
TAT-SL) accumulated in C26 colon cancer tumors via the EPR effect prior to the
intravenous administration of thiol-reactive cysteine (Cys). Local cleavage and release of the
PEG increased the cellular uptake in the tumor by 56% in cysteine administered animals,
compared to the PBS administered controls, as measured by flow cytometry of excised
tumor cells. This tumor uptake was 130% greater than that achieved with controls including
non-functionalized stealth liposomes (SL), non-cleavable PEG coated TAT-liposomes (N-
TAT-SL), and cleavable PEG coated non-functionalized liposomes (C-SL). Reprinted with
permission from Ref 70. Copyright 2011 American Chemical Society.
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Figure 4.
Triggered display of TAT in response to the acidic tumor environment improved tumor
regression in drug resistant ovarian tumor xenografts. Three intravenous doses of
doxorubicin-loaded pH-sensitive activatable TAT-functionalized micelles (PHSMpop-upTAT

- circle) achieved superior tumor regression in comparison to controls including a non-
functionalized pH-sensitive micelle (PHSM - square), a pH-sensitive micelle that displayed
TAT at all pH (PHSMTAT - triangle), and free doxorubicin (DOX – inverted triangle). The
in vitro cytotoxicity of these constructs at physiological (7.4) and acidic (6.8) pH
demonstrated the controlled cytotoxicity of the activatable PHSMpop-upTAT (inset graph).
Reprinted from Ref 72. Copyright 2008 with permission from Elsevier.
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Figure 5.
Dendrimeric nanoparticles functionalized with MMP-2 activatable CPPs permitted the
targeted tumor delivery of Cy5 fluorophore and MR contrast agent, gadolinium. The dual
imaging properties of these particles permitted surgical planning with MRI, real-time
fluorescence imaging for intraoperative assistance of tumor resection, and post-operative
evaluation with MRI. Accumulation of nanoparticles provided MR contrast to identify a
fibrosarcoma xenograft tumor (arrow - A). Intraoperative visualization of the tumor was
achieved with fluorescence imaging prior to resection (B). Post-operative MRI revealed
residual tumor tissue (box – C) whose cancerous character was confirmed with histology
following removal with a second surgery (D). Similar surgical assistance was provided for
melanoma xenografts. The tumor was identified with MRI (arrow – E) and fluorescence
provided intraoperative visualization (F). Surgical resection was performed such that no
visible fluorescence remained at the surgical site (G) and post-operative MRI confirmed the
successful removal of all cancer cells (H). Tumor resection assistance with guidance by
activatable CPP-nanoparticles accumulated in tumor tissue lead to prolonged tumor-free
survival after removal of murine melanoma and mammary adenocarcinoma tumors.
Reprinted with permission from Ref 77.
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Figure 6.
Cellular uptake of CPP-functionalized HPMA was controlled by the dissociation of
neutralizing inhibitory domains in response to UV illumination. Charge-neutralizing groups
conjugated to the CPP by UV-labile linkers prevented internalization of FITC labeled
polymer (green) in PC-3 prostate cancer cells kept in the dark (bottom). Exposure to UV
light for 10 minutes was sufficient to remove the neutralizing groups and allow significant
increase in cellular uptake (top). Lysosomes were labeled with LysoTracker Red and
colocalized, in part, with the internalized HPMA. The delivery to lysosomes provided the
acidic conditions necessary to allow intracellular drug release from the carrier using a pH-
sensitive hydrazine linker. Reprinted from Ref 84. Copyright 2011 with permission from
Elsevier.
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Figure 7.
Cellular uptake of a transportan-derived CPP was controlled by the pH-triggered ionization
of histidine residues. Peptides whose cationic lysine residues were replaced with histidine
residues (TH) exhibited low levels of cellular uptake, as measured by flow cytometry, in
HeLa cervical cancer cells at pH 7.4 due to the neutral charge of the histidines at this pH. At
pH 6.0 the ionization of the histidine residues conferred positive charge to the CPP and
increased cellular uptake. This pH-triggered cellular uptake was in contrast to the original
lysine-containing peptide (TK), which demonstrated equivalent cellular uptake at both pH
7.4 and 6.0. Reprinted with permission from Ref 85. Copyright 2011 American Chemical
Society.
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Figure 8.
Temperature-triggered micelle assembly controlled cellular uptake by modulation of
arginine density. Arginine5-functionalized elastin-like polypeptide diblock copolymers
(Arg5-ELPBC) achieved cellular uptake in HeLa cervical cancer cells, as quantified by flow
cytometry, comparable to controls at 37 °C in their soluble unimer state, with arginine
content below the threshold required to achieve significant cellular internalization. At 42 °C
the micelle assembly of Arg5-ELPBC enhanced the local arginine density on the micelle
corona, which increased cellular uptake 8-fold over that achieved at 37 °C. Non-
functionalized diblock copolymers capable of temperature-triggered micelle assembly
(ELPBC) and soluble temperature-insensitive arginine-functionalized unimers (Arg5-ELP)
demonstrated negligible change in cellular uptake between 37 and 42 °C. Data adapted with
permission from Ref 89 Copyright 2012 American Chemical Society.
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