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Abstract

Despite continuing advances in the development of biomacromolecules for therapeutic purposes, successful application of
these often large and hydrophilic molecules has been hindered by their inability to efficiently traverse the cellular plasma
membrane. In recent years, cell-penetrating peptides (CPPs) have received considerable attention as a promising class of
delivery vectors due to their ability to mediate the efficient import of a large number of cargoes in vitro and in vivo. However,
the lack of target specificity of CPPs remains a major obstacle to their clinical development. To address this issue, researchers
have developed strategies in which chemotherapeutic drugs are conjugated to cancer targeting peptides (CTPs) that exploit
the unique characteristics of the tumor microenvironment or cancer cells, thereby improving cancer cell specificity. This
review highlights several of these strategies that are currently in use, and discusses how multi-component nanoparticles

conjugated to CTPs can be designed to provide a more efficient cancer therapeutic delivery strategy.
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Introduction

In recent years, the use of biomacromolecules, such as pro-
teins and nucleic acids, as therapeutic agents has become
widely recognized as one of the most promising areas of
drug development research [1]. The size and strong hydro-
philic nature of protein- and nucleic acid-based therapeutics,
however, makes it very challenging to effectively transport
them across the semi-permeable plasma membrane. To over-
come this obstacle, various approaches have been developed
for cellular delivery of proteins and nucleic acids, such as
liposomes, electroporation, and microinjection [2]. Although
these methods offer several advantages for cargo transport,
they all possess major drawbacks, such as low efficiency
for delivery in vivo, lack of tissue and cell specificity, poor
bioavailability and extensive toxicity, all of which limit their
successful application in a clinical setting [2, 3]. In view of
these issues, researchers have continued to search for more
effective transport systems, which have led to the discovery
and development of a variety of short peptides that constitute
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a new class of delivery vectors. These peptides, most com-
monly known as cell-penetrating peptides (CPPs) or protein
transduction domains (PTDs), have the ability to efficiently
enter a wide range of cell types without damaging the cell
membrane, and have been found to be very effective in over-
coming various bio-barriers at different tissue levels [4—6].
As a result, CPPs constitute a promising approach for the
intracellular delivery of therapeutics, including anticancer
drugs [7].

The history of this class of peptides dates back to the
late 1980s when the trans-activator of transcription protein
(TAT) of the human immunodeficiency virus and the Dros-
ophila Antennapedia homeodomain were first recognized
for their cell-penetrating propensities [7, 8]. The spontane-
ous cellular internalization of both proteins led to extensive
structural and functional studies to define the minimal amino
acid sequence needed for membrane translocation, and thus
develop effective transport vectors [9]. This resulted in the
discovery of the first CPPs, the TAT peptide and Antp (or
penetratin) (see Table 1 for peptide sequences), which paved
the way for generating a large number of protein-derived and
chimeric CPPs, as well as synthetically preparing a wide
variety of CPP analogues [6, 9, 10].

One of the earliest studies to demonstrate the delivery
efficacy of a CPP in vivo was carried out by Schwarze et al.
where, following an intraperitoneal injection in mice of
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Table 1 Primary sequen.ces of Peptide Sequence Refs.

the cell-penetrating peptides

(CPPs) and canFer-targeFin g TAT GRKKRRQRRRPPQ [8]

SCSSW(CTPS) discussed in this pAntp (Penetratin) RQIKIWFQNRRMKWKK [7]
pHLIP AEQNPIYWARYADWLFTTPLLLLDLALLVDADEGT [52]
ATRAM GLAGLAGLLGLEGLLGLPLGLLEGLWLGLELEGN [40]
ACPP DGGDGGDGGDGPLGLAG-RRRRRRRRRC [91]
pHK-PAS MIASHLLAYFFTELNGKPILFF [103]

B-galactosidase fused to the 11-amino acid TAT peptide,
the fusion protein was detected in all tissues, including
the brain, revealing that the chimeric protein can cross the
blood-brain barrier [11]. The potential of CPPs in increasing
the delivery efficiency of nanoparticles was also first con-
firmed by Josephson et al. [12]. Their findings revealed that
dextran-coated superparamagnetic iron oxide nanoparticles
functionalized with the TAT peptide were internalized into
lymphocytes over 100 times more efficiently than non-mod-
ified nanoparticles. Since then, many studies have reported
the use of CPPs both in vitro and in vivo to efficiently deliver
colloidal carriers, such as liposomes and polymeric nano-
particles, as well as different types of cargo, ranging from
nucleic acids, polymers and imaging agents to low molecular
weight drugs [13-17].

CPPs: an overview

CPPs are typically composed of less than 30 amino acids
and often carry a net positive charge at physiological
pH due to the presence of cationic arginine and lysine
residues [17, 18]. This overall positive charge promotes
electrostatic interactions with negatively charged cell-
surface constituents, such as heparan sulfate proteogly-
cans, which are believed to play an important role in ini-
tiating the uptake of CPPs [19, 20]. Several studies have
shown that CPPs containing a large number of arginine
residues have superior internalization efficiency compared
to lysine-rich peptides; this difference is attributed to the
guanidinium headgroup of arginine residues, which forms
stable bidentate hydrogen bonds with cell membrane com-
ponents, as opposed to the ammonium cations of lysines
that can only form one hydrogen bond [21, 22]. Interest-
ingly, negatively charged CPPs have also been reported.
An example is a variant of sweet arrow peptide (SAP,
derived from the N-terminus of the maze storage protein
y-zein VHL(PPP),), in which the arginine residues were
replaced by glutamate residues [24]. This variant, denoted
SAP(E), adopts a polyproline II helical secondary struc-
ture and carries a net negative charge [23]. Surprisingly,
the cellular internalization efficiency of SAP(E) was com-
parable to that of the cationic parent SAP [24]. The uptake
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mechanism of the modified SAP(E) is thought to be medi-
ated by conformational transitions due to either refolding
or locally aggregating on the cell membrane [24].

Studies have demonstrated that the presence and specific
positioning of hydrophobic residues also influence the abil-
ity of the CPP to interact with and traverse the plasma mem-
brane [17, 25]. For instance, tryptophan was shown to play
a key role in the cellular uptake of CPPs due to the aromatic
side chain exhibiting a favorable free energy of insertion
into the plasma membrane [23]. Rydberg et al. designed
six CPPs, all containing arginine residues but differing in
number and positioning of tryptophan residues [26]. The
uptake efficiency of these CPPs was directly proportional
to the number tryptophan residues present, and positioning
of the tryptophans in the middle of, or evenly distributed
along, the peptide’s amino acid sequence increased its cel-
lular internalization.

Other factors that influence CPP internalization include
chirality and amphipathicity [27]. Since natural L-amino
acids are susceptible to proteases, thereby limiting their
successful application in vivo, various strategies have been
utilized to enhance the stability of CPPs. One such approach
has been to replace the L-amino acids with their p-analogues
[23]. Although incorporation of p-amino acids resulted in a
marked resistance of CPPs to degradation, the use of non-
natural amino acids was reported to lower the peptides’
internalization efficiency in a cell-dependent manner [23].
Furthermore, the ability of amphipathic CPPs to adopt
a-helices and p-sheets was shown to enhance their cellular
uptake efficiency [23]. Thus, the primary peptide structure,
both in terms of amino acid content as well as the specific
location of the residues within the sequence, is likely to play
arole in mediating the cellular uptake of CPPs [25].

Despite numerous studies, the exact mechanisms by
which CPPs enter the cells remain poorly understood. Two
major cellular uptake mechanisms, nevertheless, have been
put forward to explain how these peptides are able to effi-
ciently deliver various kinds of cargoes into cells [4, 25].
The first mechanism entails direct translocation through
the lipid bilayer via an energy-independent manner, while
the second involves an energy-dependent endocytic process
[4]. Various forms of endocytosis, from macropinocytosis (a
nonspecific form of fluid phase endocytosis), to clathrin- and
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caveolae-mediated endocytosis, have been proposed as the
cellular entry route of CPPs [17].

Currently, most CPPs are believed to be taken up by
cells, at least in part, through endocytosis. However, evi-
dence for an endocytosis-independent, direct translocation
pathway has also been presented for several peptides, such
as CADY, MPG and Pep-1, which are able to translocate
across the plasma membrane at temperatures as low as 4 °C
that typically inhibit energy-dependent endocytosis [28-31].
Although the exact nature of the direct translocation path-
way remains unclear, various models have been proposed
to describe this mechanism, including transient pore forma-
tion, inverted micelle formation, a detergent-like ‘carpet’
mechanism or membrane thinning [32]. Energy-independent
direct translocation is generally favourable at high peptide
concentrations (10- to 20-fold molar excess of CPPs) and for
hydrophobic or amphipathic CPPs [33, 34]. The initial step
in all proposed direct translocation models is the interaction
between the positively charged amino acids of CPPs, such as
arginine and lysine, and the negatively charged membrane’s
components, such as heparan sulfate and the phospholipid
headgroups, which results in membrane structure destabi-
lization [17]. Furthermore, in certain cases contradictory
observations of both endocytic and energy-independent
uptake are reported for the same CPP. It has been suggested
that these observations may be due to different factors that
affect the cellular uptake mechanisms, including the proper-
ties of the CPP (sequence, charge, size and concentration),
as well as the characteristics of the cargo and nature of the
coupling to the CPP [17, 29].

Despite these controversies, studies have shown that CPPs
are highly efficient in facilitating the in vitro cell uptake of
different cargo molecules. The in vivo use of CPPs, however,
has been proven to be more complex, and ultimately less effi-
cient, mainly due to lack of cell specificity; most CPPs will
non-specifically interact with the membranes of a range of
cell types due to the presence of heparan sulfate proteogly-
cans and other cell-surface components [19]. This, in turn,
poses a serious challenge for using CPPs to facilitate the
delivery of therapeutics, such as anticancer drugs [11, 35].
To address this obstacle, researchers have developed strate-
gies to deliver CPPs to a particular site (tissue or organ), one
of which is localized injection of CPPs attached to cargo
molecules. Although this approach has demonstrated effec-
tive delivery of the CPP-cargo to tumor cells, the main draw-
back is that it is only applicable to solid, localized tumors
or easily accessible organs [36]. In light of this, alternative
strategies have been developed in which chemotherapeutic
drugs are conjugated to cancer targeting peptides (CTPs),
e.g., activatable CPPs and pH triggered membrane peptides,
that exploit the unique characteristics of the tumor micro-
environment or cancer cells, thereby improving cancer cell
targeting [37, 38].

Cancer targeting strategies
Extracellular acidity
pH (low) insertion peptides (pHLIPs)

Cancer cells often exhibit elevated levels of aerobic gly-
colysis (Warburg effect), which serves as their primary
energy-generating pathway [39]. This increased rate of
glycolysis, in turn, leads to a higher production of lac-
tate and protons, resulting in an acidic extracellular envi-
ronment that has been shown to play a role in enhancing
metastasis and local invasion of tumors [40]. Several stud-
ies have used this particular tumor characteristic to deliver
chemotherapeutic drugs to cancer cells [41]. In particu-
lar, there is a growing body of research focused on the
pH (low) insertion peptides (pHLIPs) family (see Table 1
for sequence) and their utility in tumor imaging [42—45]
and cargo/drug delivery [45-48] since their discovery by
Hunt et al. [49]. pHLIPs are water soluble, moderately
hydrophobic bacteriorhodopsin C helix-derived peptides
[50, 51], which have received considerable attention due
to their pH-dependent targeting of cancer cells [52-55].
Consequently, pHLIPs provide a strategy for delivering
therapeutic cargoes and combating diseases that are char-
acterized by extracellular acidity, including cancer [46,
56, 57].

Since the tumor-targeting ability of pHLIPs was thought
to be based on its pH-dependent membrane insertion prop-
erty [52-54], several thermodynamics and kinetics stud-
ies were done to evaluate the membrane interactions of
the peptides using a variety of biophysical techniques,
including circular dichroism (CD) spectroscopy, steady-
state fluorescence spectroscopy [58—65], solid-state
NMR spectroscopy [66-68], as well as small angle X-ray
scattering (SAXS) [69]. Employing the aforementioned
methods have revealed that the wild-type (WT) pHLIP
family transitions have three prominent forms or states,
which range from random coil to helix. State I refers to
pHLIP WT existing as a stable, unstructured monomer in
solution at physiological pH (pH 7.4) [69], whereas State
II takes place when pHLIP WT is bound to the surface
of lipid bilayers, but remains in a coiled-like conforma-
tion. Finally, upon acidification, state III is achieved in
which the negatively charged residues, such as aspartates,
are protonated, thereby increasing the hydrophobicity of
pHLIP WT and allowing it to insert into the bilayer as a
monomeric transmembrane o-helix. Adopting this heli-
cal conformation has been shown to be accompanied by a
release of free energy (about 2 kcal/mol), which is utilized
to translocate the peptide across the targeted membrane
and deliver conjugated cargo molecules [53]. The drug
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delivery capacity of these peptides was successfully dem-
onstrated by Moshnikova et al., where pHLIP with a single
cysteine at the C- or N-terminus conjugated to the toxin
a-amanitin translocated into target cancer cells in a pH-
dependent manner [47]. Moreover, coating a drug delivery
system with pHLIP was shown to enhance its tumor target-
ing capability [70]. A schematic representation of pHLIP-
mediated delivery of nanoparticles into healthy tissue and
tumor tissue is shown in Fig. 1.

The exact insertion mechanism of pHLIP into membranes
remains unclear. Protonation of the carboxylic side chains
of the central aspartic residues (D14 and D25) was always
thought to be crucial for the peptide’s folding and inser-
tion in response to acidity [52]. However, solid-state nuclear
magnetic resonance (ssSNMR) analysis conducted by Shu
et al. and Hanz et al. on an isotope-labelled pHLIP variant
has suggested that the C-terminal aspartic residues, D31 and
D33, may also play a role in pHLIP’s pH-dependent target-
ing. At pH 6.4, and prior to complete insertion, pHLIP pep-
tides were found to co-exist in both unstructured-peripheral
(state II; approximately 70%) and a-helical-inserted (state
III; approximately 30%) structures, suggesting a new mem-
brane-embedded state of transition: state II' that lies between
states II and III and differs in terms of structure and mem-
brane location [65, 67, 68]. Briefly, Shu et al. and Hanz et al.
proposed that during state II (at pH 7.4), the N-terminal half
alanine residues, A10 and A13, bind to the headgroup phos-
phates of the outer-leaflet phospholipid bilayer. During state
I (at pH 6.4), residues A10 and A13 bury deeper (but still
peripherally) into the membrane bilayer, pulling A27 and the

polar C-terminal half (including D25, D31, D33) downward
and closer to the >'P nuclei of the phospholipid. During the
state II—state II' transition, the C-terminus aspartates (D31,
D33) are protonated first, leading to pHLIP hydrophobic-
ity enhancement and deep adsorption into the hydrophobic
membrane interior, which in turn triggers protonation of
D25 and D14 and complete membrane insertion [67, 68,
71]. The mechanism proposed by Shu et al. and Hanz et al.
is summarized in Fig. 2.

Gupta and Mertz recently examined the protonation of
pHLIP WT’s residues (D14, D25, D31, and D33) during
the transition from state I to state II [72]. They revealed
that titration of these residues under acidic conditions led
to both a-helical and p-strand conformations of the pep-
tide. Although it was previously reported that protonation
of both D14 and D25 increased the interactions between
N- and C-terminal regions, a reduction in the helicity of
the peptide was observed upon protonation of both these
aspartates. Conversely, protonation of either single residue
(D14 or D25), or all aspartic acid residues, resulted in a
more helical conformation. However, protonation of all
aspartic acid residues (D14, D25, D31, and D33) abolished
interaction between the pHLIP’s N and C-terminus [72],
indicating that an increase in interactions between the N-
and C-terminus of pHLIP due to protonation has no direct
correlation with the peptide’s helical formation [72]. In
agreement with these findings, Karabadzhak et al. tested
different pHLIP variants by changing the sequence of the
peptide [66, 73]. Their findings also revealed that trunca-
tion of pHLIP’s protonatable residues in the C-terminus
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Fig. 1 Schematic representation of pHLIP-mediated delivery of nano-
particles into healthy tissue (left) and tumor tissue (right). The acidity
of the tumor microenvironment results in greater entry of the pHLIP-
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coated nanoparticles into cancer cells compared to cells in healthy tis-
sue where the extracellular space is at a physiological pH [70]
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Fig.2 Schematic representation of the structure and membrane loca-
tions of pHLIP at neutral and acidic pH. In state II at neutral pH, the
N-terminal alanine residues, A10 and A13, interact with the head-
group phosphates, while the C-terminal A27 is located extracel-
lularly. During state II" at pH 6.4, residues A10 and A13 are buried

half has no effect on the helical conformation, but is corre-
lated with the folding-insertion and unfolding-exiting time
[66]. Increasing the pH stimulates the exit process through
deprotonation of the transmembrane pHLIP residues and,
hence, unfolding of the peptide [66].

The main limitation, however, of the aforementioned
studies is that the model membranes used were composed
solely of phosphatidylcholine (POPC); the plasma mem-
brane consists of a more complex lipid composition [74]
that will potentially have a different effect on pHLIP’s
membrane interaction. Vasquez-Montes’s group confirmed
this by examining the impact of a biological membrane’s
lipid composition on the insertion process of pHLIP WT
and the pHLIP-P20G variant [75]. Inserting pHLIP into
large unilamellar vesicles (LUVs) composed of anionic
lipids, cholesterol, or phosphoethanolamine (POPE) led
to elimination of state II, which they referred to as “shal-
low” penetration (state II%), at neutral pH [75]. State IIS
was not characterized by a spectral shift of pHLIP’s tryp-
tophan fluorescence nor a conformational change in both
pHLIP WT and pHLIP-P20G peptides [76]; however, a
reduction in acrylamide quenching was observed indicat-
ing partitioning into the bilayer. Formation of state IS
was suggested to be a result of the repulsive electrostatic
interactions between the charged residues of pHLIP and
the anionic phospholipid headgroups [75, 76]. In the case
of neutral lipids, such as POPE, pHLIP’s interfacial parti-
tioning was suggested to be influenced by the tighter phos-
pholipid packing due to ethanolamine forming hydrogen
bonds in the interfacial region of the bilayer [75]. These
findings raise questions concerning the mechanism of
pHLIP-membrane interaction and whether the results in
model membrane systems are representative of the com-
plex biological membrane.
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deeper into the membrane, pulling A27 closer to the bilayer surface.
Finally, during State III, at pH 6.4 and 5.3, A10 and A13 are buried
deeper into the membrane than in State II', with A27 located below
the headgroups (adapted from Ref. [67])

Acidity-triggered rational membrane (ATRAM)

Although pHLIP has been shown to insert into membranes
of solid tumors upon acidification and has been success-
fully used for imaging of cancer cells, studies have shown
that it has several limitations [40, 77]. These include modest
targeting of mildly acidic tumors and a strong propensity to
aggregate. In view of these issues, Nguyen et al. designed
the acidity-triggered rational membrane (ATRAM) peptide
by modifying pHLIP’s sequence (23.5% sequence similar-
ity between both peptides) (see Table 1 for sequence) [40].
Negatively charged glutamate residues rather than aspartates
were incorporated into the sequence of the ATRAM peptide
as they have higher pKa values (6.5), increasing the peptide’s
efficiency in sensing and targeting acidic diseased tissues. A
central proline residue was also included to increase solubil-
ity, as well as glycine resides since they tend to favour the
formation of a-helices in membranes and minimize aggre-
gation in solution. Additionally, a single tryptophan was
introduced to study the properties of the peptide at different
pH conditions using intrinsic fluorescence experiments [40].

These modifications resulted in ATRAM being very
soluble at high concentrations (> 200 uM), as opposed to
pHLIP which aggregates at low concentrations (<7 pM),
and enhancing ATRAM’s membrane targeting under
acidic conditions [40]. At neural pH, ATRAM was shown
to lie parallel to the membrane plane in an unstructured
conformation, whereas under acidic conditions similar to
the peritumoral pH, it would undergo a conformational
change forming a transmembrane a-helix that drives
membrane insertion [40]. Moreover, cell viability stud-
ies in two different human cell lines showed that ATRAM
is non-toxic under physiological conditions, indicating
that it does not damage cell membranes [40]. Malignant
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melanoma (A375) and bronchi alveolar carcinoma (H358)
cell lines were then used to compare the pH-dependent
targeting of cells by ATRAM and pHLIP. Both peptides
bound to cancer cells in a pH-dependent manner, but
ATRAM had a stronger interaction with cancer cells
under acidic conditions, thereby underlining its superior
cell targeting propensities [40]. In a recently published
study, a comparison of the performance of pHLIP vari-
ants and ATRAM was carried out using a wide range
of assays; the results confirmed that ATRAM exhibits a
significantly higher membrane affinity and stronger mem-
brane insertion compared to pHLIP WT and most of its
variants [77].

Tumor microenvironment hypoxia

Another characteristic of tumor microenvironments is
their hypoxic nature [78], which drives malignant pro-
gression in cancer cells [79]. The inherent hypoxia of
tumors has been exploited to improve the cancer-tar-
geting specificity of CPPs. A central component of the
hypoxic response of tumor cells is the transcription factor
hypoxia-inducible factor-1o (HIF-1a), which plays a role
in mediating the expression of a variety of genes involved
in angiogenesis, oxygen homeostasis, metabolism and cell
viability [80]. The oxygen-dependent degradation (ODD)
domain of HIF-1a is composed of ~200 amino acids and
regulates the stability of the transcription factor. Under
normoxic conditions, the ODD domain was shown to
interact with the von Hippel-Lindau tumor suppressor,
which results in degradation of HIF-1a by the ubiqui-
tin—proteasome pathway [81].

Harada et al. constructed TAT fusion proteins (TAT-
B-gal and the TAT-caspase-3) fused to a segment of the
ODD of HIF-1a to target tumors in vivo [5, 81]. The
reasoning was that a TAT-ODD fusion protein would be
stable in the hypoxic regions of tumors, but would be
degraded and non-functional in the normoxic environ-
ment of normal tissues. After intraperitoneal injection
of TAT-ODD-f-gal into tumor-bearing mice, the fusion
protein accumulated only in the hypoxic regions of solid
tumors and was absent from healthy tissue. Conversely,
the same treatment with TAT-f-gal resulted in the par-
ent protein accumulating in all tissues. In addition, intra-
peritoneal injection of the TAT-ODD-caspase-3 protein
into tumor-bearing mice lead to a significant reduction of
tumor growth, and consequently the size of the tumors,
without any of the obvious toxic side effects that would be
normally be a consequence of delivering active caspase-3
to a mouse [81]. As a result, cytotoxic TAT-ODD fusion
proteins can potentially be used as a novel therapy for
targeting solid tumors.
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Cancer-associated proteases

Cancer-associated proteases (CAPs) include cathepsins,
urokinases, caspases and matrix metalloproteases (MMPs),
such as gelatinases MMP-2 and MMP-9 [82]. These pro-
teases are overexpressed in most types of cancer tissues,
but are either absent or found in lower concentrations in
healthy tissues [83, 84]. MMPs, a family of secreted and
transmembrane proteins, are known to play a critical role in
promoting cancer invasion and metastasis by degrading the
extracellular matrix and activating both growth factors and
angiogenesis [37, 85]. Several studies have also shown a
correlation between MMP overexpression and poor clinical
outcome in several types of cancers, including breast, colon,
gastric, oesophageal, and small and non-small cell lung can-
cers [86, 87]. As a result, the expression of specific MMPs
serves as both a prognostic indicator of clinical outcome and
a marker of tumor progression in a wide range of tumors.

Charge masking strategy

Roger Tsien’s group exploited the overexpression of MMPs
in tumors to generate cancer targeting CPPs [37]. These
so-called activatable cell-penetrating peptides (ACPPs) are
composed of a polycationic CPP covalently attached to a
neutralizing polyanionic domain via a cleavable peptide
linker, thereby adopting a hairpin conformation [25]. This
particular conformation and the ionic interactions between
the CPP and inhibitory anionic counterpart masks the cell-
penetrating functionality of the CPP by reducing the overall
charge to nearly zero, which in turn minimizes adsorption
and uptake into cells unless the linker is cleaved [88, 89].
Furthermore, the peptide linker was created to be specific to
MMP-2 and MMP-9 to target a wide range of tumors [37].
Upon exposure to cancer cells, their membrane-bound and
secreted MMPs can cleave the linker, dissociating the inhibi-
tory peptide and activating the CPP; the released CPP along
with its cargo would then bind to, and enter the tumor cells
[88]. Moreover, due to the wide variety of CAPs overex-
pressed in tumor microenvironments, ACPPs with cleavable
linkers specific to other proteases can be readily designed
[90].

Shi et al. highlighted the therapeutic potential of this tar-
geting method when they designed an ACPP (see Table 1
for peptide sequence) that was covalently attached to the
anticancer drug, doxorubicin (ACPP-DOX); their findings
revealed that incubating fibrosarcoma cells with ACPPs
resulted in reduced cytotoxicity compared to CPPs, whereas
ACPP-DOX effectively inhibited fibrosarcoma cell prolifera-
tion [91]. The uptake of ACPP-DOX was also observed to
be higher in fibrosarcoma cells, which overexpress MMPs,
compared to breast cancer cells, which express much lower
levels of MMPs. Likewise, Aguilera et al. demonstrated that,



Cancer targeting peptides

2177

in addition to improved specificity, ACPPs are less toxic than
CPPs: CPPs caused severe toxicity in mice at a dose 4 times
lower than the MMP-cleavable ACPPs [89].

Despite their promise, several issues have restricted
the use of ACPPs in cancer therapy, including endosomal
entrapment and significant off-target uptake by other tis-
sues in vivo [92]. Additionally, it has been reported that
MMP targeting is not very specific as it is likely caused by
cleavage in the vascular compartment as opposed to tumor-
specific cleavage [88]. As a result, ACPPs have been pri-
marily utilized as molecular imaging probes for visualizing
enzymatic reactions, or to differentiate between tumor and
healthy tissues [88, 93]. The first in vivo study to demon-
strate the use of radiolabeled ACPPs for the detection of
MMP activity in tumors was carried out by van Duijnhoven
et al. [88]. Furthermore, using mouse models, Nguyen et al.
showed that both fluorescently labelled free ACPPs and
ACPPs conjugated to dendrimers (ACPPDs) could improve
the precision of tumor resection [93]; removal of tumors
using ACPPs or ACPPDs led to fewer residual cancer cells
left behind, and increased tumor-free survival, compared to
cases where tumors were removed with traditional bright-
field illumination. Although antibodies are suitable for fluo-
rescence-guided surgeries, their use is fairly limited as they
can only be applied to certain types of tumors that express
specific markers. Each epitope can also only bind one anti-
body at a time resulting in a weak signal amplification [93].
ACPPs, on the other hand, appear to be better agents for
in vivo imaging of tumors as they are smaller in size, which
increases their solid tumor penetration efficiency beyond
blood vessels. Each active MMP can also cleave many sub-
strate ACPPs, offering a stronger amplification signal [85].

Steric hindrance strategy
In addition to a polynanionic masking domain, many studies

have utilized long chain polymers, such as poly(ethylene gly-
col) (PEG), as steric hindrance to shield the strong positive

Shielded ‘Inactive’ CPP-PNA

PEG

P

kL( — PNA

Fig.3 Schematic illustration of ACPP-mediated delivery of peptide
nucleic acid (PNA) based on CPP inactivation using a self-immola-
tive azobenzene moiety. Upon reductive cleavage of the azobenzene

charge of CPPs [94]. Although PEG has been shown to
effectively reduce cellular uptake by healthy cells, the main
drawback is that it can also block or reduce uptake in target
cells. Thus, it is crucial that PEG is efficiently removed at
the target site to activate the CPP and allow it to traverse
the plasma membrane. With this in mind, the Leroux group
reported an ACPP strategy in which CPP charge shielding
was achieved by using a self-immolative azobenzene link-
age for the delivery of nucleic acid-based cargoes [95]. In
this approach, lysine residues of a CPP-peptide nucleic acid
(PNA) construct were conjugated to PEGylated azobenzene
groups. Upon exposure to bacterial azoreductase secreted
by microbiota present in colon mucosa, the azobenzene
bonds could be cleaved resulting in the detachment of PEG
and the uptake of the PNA cargo into the colonic epithelial
cells to inhibit expression of the protein of interest (Fig. 3).
In vitro studies in the absence of azoreductase revealed that
PEGylation resulted in a complete loss of activity of the
construct, and PEGylated CPP-PNA did not adversely affect
cell viability up to 12 pM, whereas the CPP-PNA conjugate
alone was toxic at this concentration, thereby demonstrating
the effectiveness of this shielding strategy to ‘inactivate’ the
CPP moiety [95]. Thus, this activatable PEGylated CPP-
nucleic acid conjugate could potentially be used as a deliv-
ery vector for the treatment of inflammatory bowel diseases
and colon cancer.

Minimal side chain modification strategy

Another method to temporarily inactivate a CPP is by carry-
ing out a minimal side chain modification rather than inac-
tivating it via the peptide main chain. Through an alanine
scan of the TAT peptide (see Table 1 for peptide sequence),
Wender et al. showed that modifying the side chain of either
of the lysine residues present in the sequence can inhibit the
peptide’s cellular uptake [96]. This finding was then used
by Jin et al. to develop pH-activatable TAT peptides [97].
In this approach, the TAT lysine residues were amidized

‘Active’ CPP-PNA

Reduction kL.

£ s

bonds, the PEG chains are detached and the CPP promotes the uptake
of the PNA cargo into the target cells (adapted from Ref. [95])
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into succinyl amides, which significantly inhibited the cel-
lular uptake of the resulting peptide presumably due to its
reduced number of positive charges. However, upon expo-
sure to acidic pH, the modified peptide was able to enter
cells due to hydrolysis of the succinyl amides. Functionaliz-
ing poly(ethylene glycol)-block-poly(e-caprolactone) (PEG-
PCL) micelles with these modified TAT peptides resulted in
accumulation of the micelles in tumor tissue and success-
ful delivery of the doxorubicin cargo to this tissue [97]. A
similar approach was carried out by Bode et al. where they
attached enzyme-cleavable domains to one or both lysine
side chains of the TAT peptide [98]. These domains were
specific to aminopeptidase and dipeptidyl peptidase as both
enzymes are overexpressed in many types of cancer cells.
As a result, attaching either of these domains temporarily
blocked the activity of the TAT peptide, whereas in the pres-
ence of the respective enzyme, the inactive alanine modi-
fication was cleaved, thereby restoring the activity of the
CPP. Bode et al.’s findings revealed that modifying only one
lysine residue resulted in near complete inhibition of the
peptide’s cellular uptake, indicating that this strategy can be
useful in controlling the activity of CPPs [98].

Cancer cell’s metabolic activity

An alternative approach for improving CPP specificity
entails taking advantage of the internal biological state of
targeted cells. As an example of such a strategy, Vocero-
Akbani et al. reported killing HIV-infected cells by exploit-
ing their HIV protease activity [99]. In this study, a chi-
meric CPP was constructed by fusing the TAT CPP to a
caspase-3 precursor protein, a crucial mediator of apoptosis,
and replacing the endogenous cleavage sites of the construct
with HIV proteolytic cleavage sites. Despite this construct
entering both HIV-infected and uninfected cells, caspase-3
induced apoptosis only occurred in HIV-infected cells. This
was due to the construct being processed into its active form
only when cleaved by the HIV protease that is exclusively
present in HIV-infected cells. Uninfected cells, on the other
hand, did not undergo apoptosis as the chimeric CPP con-
struct remained in an inactive form.

Many diseases, such as cancer and autoimmune disor-
ders, are also characterized by abnormal enzymatic activity,
which can be exploited to design an ‘active targeting strat-
egy’ that is able to differentiate between healthy and dis-
eased cells [90]. In addition to an overexpression of MMPs,
most highly aggressive cancer cells also exhibit elevated
levels of glycolysis, which serves as their primary energy-
generating pathway, irrespective of oxygen availability, a
phenomenon termed “the Warburg effect” [100]. The high
glycolytic rates are due, in part, to the overexpression and
increased activity of mitochondria-bound type II hexoki-
nase (HKII) [101]. HKII binds to the outer mitochondrial
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membrane (OMM) through the pore-like voltage-dependent
anion channel (VDAC), a major channel for transport of ions
and metabolites [102]. Interaction with VDAC occurs via
the N-terminal 15 amino acid of HKII, which allows the
enzyme to access mitochondria-generated ATP and phos-
phorylate glucose to glucose-6 phosphate, a vital metabolite
that is necessary not only for glycolysis, but also for generat-
ing nucleic acids, lipids, and proteins that are required for
growth and cell proliferation [103]. Additionally, binding
of HKII to VDAC suppresses apoptosis in cancer cells by
maintaining the integrity of the outer mitochondrial mem-
brane (OMM) and inhibiting the release of key apoptogenic
molecules, such as cytochrome c, from the intermembrane
space [104]. Thus, overexpression of HKII is required for
tumor initiation and maintenance, as well as promotion of
metastasis [105]. Consequently, several groups are currently
developing novel strategies that target this enzyme to induce
apoptosis in cancer cells; these may involve directly inhib-
iting the synthesis of HKII or disrupting the HKII-VDAC
interaction [101, 103].

Woldetsadik et al. designed a cancer-specific CPP com-
posed of pHK, a peptide that corresponds to the VDAC
binding N-terminal 15 amino acid of HKII (see Table 1 for
peptide sequence), covalently attached to a short penetrat-
ing—accelerating sequence (PAS; GKPILFF) [103]. Since
pHK is poorly cell permeable, the short PAS sequence was
incorporated into the CPP design to enhance its cellular
uptake and endosomal escape [106, 107]. Attachment of PAS
to pHK resulted in up to sevenfold greater cellular uptake
compared to pHK alone, and the efficient cellular internali-
zation of pHK-PAS was attributed to the CPP utilizing by
both macropinocytosis and energy-independent mechanisms.
Once in the cytosol, pHK-PAS localized to mitochondria,
where it bound to VDAC, competitively dissociating the
endogenous full-length HKII in the process. The disruption
of the HKII-VDAC interaction in cancer cells resulted in
mitochondrial membrane potential depolarization, inhibi-
tion of mitochondrial respiration and glycolysis, depletion of
intracellular ATP levels, release of cytochrome ¢ and finally,
apoptosis [103]. Significantly, pHK-PAS was considerably
less toxic to non-cancerous cells, in which displacement of
HKII from mitochondria did not lead to apoptosis, indicating
that the peptide exhibited selective HKII-mediated cytotox-
icity against cancer cells.

Tumor lineage CPPs

Phage display and mRNA display technologies are two use-
ful tools for screening and identifying CPPs from peptide
libraries. However, owing to the smaller molecular size of
mRNA display-based complex and the larger number of pep-
tides displayed, mRNA display technology is more suitable
and efficient for isolating CPPs than phage display. Kondo



Cancer targeting peptides

2179

et al. used mRNA display to construct a random peptide
library, which was screened to obtain ten novel CPPs. The
tumor lineage specificity of each newly synthesized CPP was
then determined through functional screening [108]. Kondo
et al. reported that the amino acid sequences of these CPPs
contained ~30% positively charged amino acids and lacked
any identity to previously reported CPPs and other recorded
mammalian proteins, thereby indicating that these CPPs
may encode artificial sequences. Significantly, these tumors
lineage-homing CPPs could noninvasively target their cor-
responding tumors while exhibiting minimal localization to
normal tissues. For instance, CPP2 was shown to target and
easily penetrate primary colon adenocarcinoma cells while
showing minimal targeting of healthy tissues, and CPP44
was capable of invading hepatic tumor cells and myelog-
enous leukemia with a low level of cellular uptake in the
liver and other organs. As a result, tumor lineage-homing
CPPs generated by mRNA display technology are potentially
useful tools for developing peptide-based molecular delivery
systems [108].

A multi-component nanoplatform

Cancer nanomedicine has the potential to overcome the
intrinsic limitations of conventional cancer therapies, includ-
ing poor solubility, toxicity to normal cells, and short circu-
lation half-life [109]. However, the use of nanoparticles in
a clinical setting has been hindered by certain drawbacks,

including low efficiency of intracellular delivery in vivo and
an inability to cross the blood-brain barrier [3]. Moreover,
despite greater accumulation of nanoparticles in tumor tissue
relative to healthy tissues [109] due to the enhanced perme-
ability and retention (EPR) effect, recent reports indicate that
only 0.7% of administered nanoparticle doses actually end
up in tumors [109] Several studies have reported increased
cellular uptake of nanoparticles functionalized with CPPs,
such as TAT, polyarginine, pAntp (or penetratin) and low
molecular weight protamine (LMWP) [110-112]. Further-
more, coating with CTPs has been shown to improve the
tumor targeting of nanoparticles [113]. Therefore, combin-
ing drug-loaded nanoparticles with CTPs can potentially
lead to more selective and efficient delivery systems for
cancer therapy, resulting in improved clinical outcomes.

A ‘modularized concept’ for designing a peptide-based
nanosystem has been proposed by Qin et al. [113]. The dif-
ferent components of nanoformulations were classified into
different categories, known as modules, based on their func-
tions. Thus, the desired modules and encapsulated therapeu-
tic molecules can be selected and integrated when designing
a well-controlled nanosystem, thereby targeting the tumor
microenvironment with increased specificity, on-demand
response, enhanced cellular uptake, and improved tumor
therapy. This ‘multi-responsive’ system for cancer therapy
was applied by Huang et al. in devising a nanoparticle sys-
tem for gene delivery that exploited both the peritumoral
pH and increased MMP activity [38]. These nanoparticles
were modified with a ‘dual-triggered” ACPP composed of
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a pH-responsive polyanionic peptide, an MMP-cleavable
linker, and a polycationic CPP (Fig. 4). The pH-responsive
polyanionic peptide was used to inhibit the CPP until the
nanoparticles entered the acidic peritumoral environment.
Within this low pH environment, the pH-sensitive peptide
became uncharged or positively charged allowing the over-
expressed MMPs to cleave the linker, and the released CPP
then facilitated the uptake of the nanoparticle into cancer
cells.

Yoo et al. reported an alternative anticancer drug delivery
system, which exploited the elevated levels of extracellu-
lar MMPs and intracellular reactive oxygen species (ROS)
within tumor tissue [114]. A protease-activatable CPP was
designed containing an ROS-responsive methionine, a cell
permeable lysine chain and an MMP-cleavable linker con-
nected to PEG chains. This CPP, denoted MLMP, was used
to form a micellar nanoparticle that encapsulated within its
core the hydrophobic anticancer drug doxorubicin (DOX).
The reasoning was that upon exposure to MMPs present
in the extracellular matrix of cancer cells, the MMP-linker
would be cleaved, thereby releasing the PEG chains and
exposing the poly-L-lysine chains. Due to the cell-pene-
trating propensity of the poly-L-lysine chains, the micellar
structure would then be able to efficiently enter the cancer
cells. The high levels of ROS in cancer cells would convert
the hydrophobic thioether groups within the methionine
chains to hydrophilic sulfoxide groups, which would destroy
the micellar MLMP structure and release the encapsulated
DOX intracellularly. Compared to free DOX, MLMP (DOX)
exhibited higher DOX delivery efficacy and greater tumor
inhibition efficiency, coupled with lower nonspecific toxic-
ity, underlining the potential of dual stimuli-MLMP as a
drug delivery system for cancer therapy [114].

Conclusion

The tumor microenvironment and a cancer cell’s biologi-
cal state provide can be exploited to facilitate the selective
delivery of chemotherapeutic drugs. In recent years, sev-
eral in vitro and in vivo studies have reported the efficient
delivery of cancer therapeutics using CTPs designed to
exploit the peritumoral environment or cancer cell surface
markers. Rapid progress in the field of nanotechnology has
also provided the necessary tools for the design of well-
defined, multi-component drug delivery nanoplatforms.
By carefully selecting the building blocks and modulating
the physicochemical properties of different nanoformula-
tions, enhanced delivery efficacy and improved therapeutic
outcomes can potentially be achieved through synergis-
tically targeting multiple key features of cancer cells or
the tumor microenvironment. CTPs are currently used as
building blocks for multi-component nanoplatforms due to

@ Springer

their biocompatibility, chemical versatility and ability in
recognizing key components of tumor tissues, which can
potentially lead to more selective and efficient delivery
systems for cancer therapy.
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